K.L Baumann 
Z. Halata 
LMoU 
(Eds.) 



The Merkel Cell 



Structure-Development-Function- 

Cancerogenesis 






Springer 




Klaus I. Baumann • Zdenek Halata • Ingrid Moll (Eds.) 

The Merkel Cell/Structure-Development-Function-Cancerogenesis 




Springer-Verlag Berlin Heidelberg GmbH 




K. I. Baumann • Z. Halata • I. Moll (Eds.) 



The Merkel Cell 

Structure-Development-Function- 

Cancerogenesis 



With 94 Figures, 23 in Color, and 12 Tables 




Springer 




Professor Dr. med. KIaus I. Baumann 
Professor Dr. med. Zdenek Halata 

Institute of Functional Morphology 

Professor Dr. med. Ingrid Moll 

Department of Dermatology and Venerology 

University of Hamburg 
UKE, Martinistrasse 52 
20246 Hamburg 
Germany 



Proceedings of the International Merkel Cell Symposium, Hamburg 2002 



ISBN 978-3-642-05574-4 



Library of Congress Cataloging-in-Publication Data 
International Merkel Cell Symposium (4th : 2002 Hamburg, Germany) 

The Merkel Cell : structure development, function cancerogenesis / K. Baumann, Z. 

Halata, I. Moll (eds.). 
p. cm. 

“Proceedings of the International Merkel Cell Symposium, Hamburg 2002.” 

Includes bibliographical references and index. 

ISBN 978-3-642-05574-4 ISBN 978-3-662-10358-6 (eBook) 

DOI 10.1007/978-3-662-10358-6 

1. Merkel cells— Congresses. 2. Merkel cell carcinoma— Congresses. I. Baumann, K., 

1945- II. Halata, Zdenek, 1939- III. Moll, I., 1951-IV. Title. 

This work is subject to copyright. All rights reserved, whether the whole or part of the material is con- 
cerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, 
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publi- 
cation or parts thereof is permitted only under the provisions of the German Copyright Law of 
September 9, 1965, in its current version, and permission for use must always be obtained from 
Springer-Verlag Berlin Heidelberg GmbH. Violations are liable for prosecution under the German Copyright Law. 



http://www.springer.de 
© Springer-Verlag Berlin Heidelberg 2003 

Originally published by Springer-Verlag Berlin Heidelberg New York in 2003 
Softcover reprint of the hardcover 1st edition 2003 



The use of general descriptive names, registered names, trademarks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant pro- 
tective laws and regulations and therefore free for general use. 

Cover design: Design 8c Production GmbH, Heidelberg 
Typesetting: Camera-ready by Klaus Baumann< 

39/31 50 WI- 5 4 3 2 1 0 - Printed on acid-free paper 




Preface 



This book contains papers presented as talks or posters during the International 
Merkel Cell Symposium - Hamburg 2002. Since its first description by Friedrich 
Sigmund Merkel in 1875, the cell named after him has fascinated researchers from 
different backgrounds throughout the world. For a very long time, this cell has 
succeeded in fooling researchers and keeping many of its secrets. This has resulted 
in controversies in the literature concerning the origin of Merkel cells, their func- 
tion in mechanoreceptors as well as the question whether different types of Merkel 
cells exist. 

Merkel had no doubt that these cells were involved in the perception of touch. 
This notion was confirmed by the description of Haarscheiben (hair disks) by 
Pinkus in 1905. With the introduction of electron microscopy in the 1960s, a new 
wave of investigations into Merkel cells began. Iggo’s group was the first to com- 
bine electron microscopy and electrophysiology, demonstrating a unique pattern 
of action potentials in response to mechanical stimuli and introducing the name 
slowly adapting type I (SA I) mechanoreceptor. The discovery of various neu- 
ropeptides in the granules of Merkel cells led in the 1970s to the assumption of 
neuroendocrine functions of these cells. At about the same time, a highly malig- 
nant type of skin cancer with cells resembling Merkel cells was first described by 
Toker's group and called Merkel cell carcinoma. These discoveries are reflected in 
the widespread scientific interest in Merkel cells, ranging from anatomists, em- 
bryologists, neurobiologists and physiologists to clinical dermatologists. This 
community of Merkel cell researchers provided a solid base for several Interna- 
tional Merkel Cell Symposia held so far. 

The first two symposia were held in Heidelberg in 1994 and 1997, while a third 
was held in Tokyo in 1999. Thus, this book gives an account of the discussions 
during the Fourth International Merkel Cell Symposium. It covers the areas of 
morphology, development, mechanoreceptor function and Merkel cell carcinoma 
and provides the current state of knowledge and thoughts for future investigations 
in these areas. Participants of this symposium and contributors to this book are 
based in ten countries throughout the world. On behalf of all participants, we 
would like to express our gratitude to the Deutsche Forschungsgemeinschaft for 
generous support of the symposium and this book. 

It is planned to hold the Fifth International Merkel Cell Symposium again in 
Hamburg in 2005 which will be chaired by Ingrid Moll. We expect most partici- 
pants of this symposium to return to Hamburg in 2005, and also hope to see many 
new faces in the growing scientific community interested in Merkel cells. 



Hamburg, 2003 



Klaus I. Baumann, Zdenek Halata, Ingrid Moll 
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Merkel Nerve Endings Functioning as 
Mechanoreceptors in Vertebrates 



Zdenek Halata^, Klaus I. Baumann^, Milos Grim^ 

^Dept. of Functional Anatomy, University of Hamburg, UKE Martinistr. 52, 
20246 Hamburg, Germany 

^Institute of Anatomy, First Faculty of Medicine, Charles University Prague, 
12800 Prague, Czech Republic 



Summary 

This study focused on those types of mammalian nerve endings originally de- 
scribed by Merkel in 1875. In all mammals, Merkel cells are found in the basal 
layer of the epithelium usually in close contact with nerve terminals. The Merkel 
cell is always positioned between the direction of the mechanical stimulus and the 
nerve terminal. Any similar cell without nerve contact may have neuroendocrine, 
but not mechanoreceptor ftinctions. Thus, such cells should not be called Merkel 
cells, as there is no evidence for any relationship with those structures originally 
described by Merkel. 



Introduction 

In 1875, Friedrich S. Merkel first described "Tastzellen" (touch cells) and 
"Tastkorperchen" (touch corpuscles) in avian dermis and oral mucosa as well as in 
mammalian epidermis (Merkel 1875). In all cases, the Merkel cells were closely 
associated with nerve terminals. The name indicates that Merkel was convinced to 
look at mechanoreceptors. 



Results and Discussion 

Merkel Nerve Endings in the Mammalian Glabrous Skin 

In contrast to the location of Merkel cells and Grandry corpuscles in the con- 
nective tissue below the epidermis in birds, Merkel cells in the mammalian gla- 
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brous skin are always found in the basal layer of the epidermis (Fig. 1). There are 
two types of glabrous skin in mammals. The first type (pegged skin) has solid epi- 
dermal pegs of different size anchoring the epidermis in the dermis. A typical ex- 
ample is found in the pig snout and planum nasale of mole and cat. The dermis 
contains blood sinus separating the epithelial pegs. In the basal layer of the epi- 
dermis at the base of these pegs are clusters of up to 40 Merkel cells. Smaller pegs 
may only have 6 Merkel cells. All Merkel cells are in contact with terminals of 
myelinated axons (3-5 jum) losing their axon on entering the epidermis and 
branching into several discoid terminals with large numbers of mitochondria and 
electron microscopically empty vesicles. While in the nose of the mole only one 
axon innervates the Merkel cells of an epithelial peg, there are several axons sup- 
plying one epithelial peg in the pig snout. 

Merkel cells are oval in shape with the longitudinal axis parallel to the basal 
lamina (Fig. 2). The nucleus is large and lobulated. The cytoplasm contains bun- 
dles of intermediary filaments and osmiophilic granules of about 60 nm adjacent 
to the nerve terminal. Some regions of the membrane between Merkel cell and 
nerve terminal have synapse-like structures, while on the opposite site cytoplasmic 
processes extend into and between keratinocytes linked with desmosomes. 




Fig. 1. a Original drawings from Merkel's publication (1875) illustrating "touch corpus- 
cles" in mammalian glabrous skin, b Semithin section of a "Tastscheibe" (7) with Merkel 
nerve endings {arrows) in epidermal rete peg from the eyelid of a rhesus monkey 
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Fig. 2. High power electron microscopy of a Merkel cell (M) with nerve terminal (7) 
from the rete peg skin of the cat nose. Synapse-like contacts can be seen between Merkel 
cell and nerve terminal {arrows) 

The second type of skin (ridged skin) is typically found in tips of fingers and 
toes of primates and marsupials. Clusters of up to ten Merkel nerve endings are 
found at the base of the epidermal ridges near the ducts of sweat glands. More- 
over, in this location the long axis of the oval Merkel cells runs parallel to the sur- 
face with the nerve terminals below the Merkel cells towards the basal lamina. 

Merkel Nerve Endings in Hairy Skin and Whiskers 

Between hair follicles of the hairy skin, the epidermis forms epithelial pegs of 
different size and density, often referred to as touch disks ("Tastscheiben"). These 
are basically similar to the epithelial pegs in glabrous skin (see above), containing 
variable numbers of Merkel nerve endings, depending on the size of the touch 
dome. In addition, Merkel cells with a similar arrangement are found in the thick- 
ening of hair follicles below the sebaceous gland of guard and velus hairs. 
Whiskers are large hair follicles embedded in blood sinus with strong sturdy hairs. 
Merkel nerve endings in connection with whiskers are found in two locations. A 
small number can be seen at the transition between hair follicle and surrounding 
epidermis. Much larger numbers (up to 2,000) are located in the basal layer of the 
epithelium of the hair follicle in the thickened part below the sebaceous gland. 
This area is surrounded by the ring sinus. Merkel cells are arranged oblique to the 
basal lamina (glassy membrane) sending cytoplasmic processes of up to 15 pm 
through the glassy membrane (Fig. 3). All of them are in contact with discoid 
nerve terminals on the opposite side. The part of Merkel cells facing nerve termi- 
nals contains the typical dense core (osmiophilic) granules. After losing their mye- 
lin sheath and Schwann cells, the axons branch intensively supplying up to 50 
Merkel cells. A more detailed review of morphology, development and physiology 
of Merkel cells is given in Halata et al. (2003). 
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Fig. 3. a Original drawing from Merkel's publication (1875) illustrating "touch cells" in 
pig sinus hairs, b Semithin longitudinal section through a rhesus monkey sinus hair from 
the upper lip in low magnification showing a sebaceous gland (G), the cavernous blood si- 
nus (S), the connective tissue capsule of the sinus (Q and the hair bulb {B). The square in- 
dicates the area shown enlarged in c. c Ultrathin longitudinal section through the thickened 
portion of the sinus hair follicle below the sebaceous gland. Merkel cells (M) and nerve 
terminals (7) are arranged obliquely to the glassy membrane (*) like the scales of a pine 
cone, with the Merkel cells always directed towards the glassy membrane. A lanceolate 
nerve terminal (L) in close contact with the glassy membrane (*) is seen on the outer side 
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Summary 

Merkel cells, mechanoreceptor cells in epithelial tissues, have generally been 
regarded as functioning to detect tissue deformations with their microvilli and re- 
lease certain transmitters to their targets. Cutaneous Merkel cells in the sinus hair 
follicle are known to possess many secretory granules close to their accompanying 
axon endings, while mucosal Merkel cells in the palate are reported to extend 
paracrine processes to the basal lamina. A comparative observation of these two 
Merkel cell types in rats by a combination of scanning and transmission electron 
microscopy showed that cutaneous Merkel cells displayed a triangular body with a 
sharpened apex and a flattened base in the basal layer of the external root sheath. 
Distribution of microvilli was confined to the apical and basal aspects of the cells. 
The apical microvilli were tightly held by corresponding pits in overlying epithe- 
lial cells, while the basal ones deeply penetrated the basement membrane. On the 
other hand, mucosal Merkel cells in the basal layer of the palatal epithelium exhib- 
ited a round cell body, and extended membranous processes to the basal lamina. 
Microvilli were randomly dispersed along the entire cell surface. Some microvilli 
terminated as free ends, while others were stuck in adjacent epithelial cells. The 
different manners of support of the possible receptor sites indicate different prop- 
erties of the two Merkel cell types in their response to mechanical stimuli. 



Introduction 

The touch cell of Merkel was originally described as a bubble-like cell associ- 
ated with a nerve ending in the epidermis of mammals (Merkel 1875). Transmis- 
sion electron microscopy (TEM) has characterized the cell by its spine-like micro- 
villi radiating from the cell body and numerous secretory granules apposed to the 
nerve terminal (Cauna 1962; Munger 1965). These microvilli have generally been 
regarded as functioning to detect tissue deformations, and the granules to contain 
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mediators of mechanoreception, since Iggo and Muir (1969) have shown that the 
Merkel cell-neurite complex operates as a slowly adapting mechanoreceptor by 
the electrophysiological recording of afferent fibers. 

In their extensive TEM studies, Tachibana et al. (1997) demonstrated numerous 
variants of Merkel cells in the oral mucosa of rodents. The cells, designated here 
as mucosal Merkel cells as distinct from typical cutaneous Merkel cells, frequently 
failed to contact the nerve fibers, and extended dendritic processes filled with sec- 
retory granules to the epithelial basal lamina. These cells have been assumed to 
exert certain paracrine functions, possibly nursing epithelial cells, or guiding nerve 
fibers to their target. 

The present study comparatively analyzes the three-dimensional histotopogra- 
phy of the two Merkel cell types with special reference to their microvilli and 
paracrine processes in order to define their morphological and functional diversity. 
Observations are reported on cutaneous Merkel cells in sinus hair follicles (Patrizi 
and Munger 1966; Halata 1993) and mucosal ones in the posterior palate of rats. 
The specimens were observed both by scanning electron microscopy (SEM) after 
exposure of the cells by NaOH maceration, and by TEM according to a conven- 
tional method. 



Materials and Methods 

Detailed procedures for the preparation of Merkel cell specimens have been re- 
ported elsewhere (Takahashi-Iwanaga and Abe 2001). Briefly, 6 -week-old male 
rats of the Wistar strain were anesthetized with sodium pentobarbital, and perfii- 
sion-fixed with a mixture of 2.5% glutaraldehyde and 0.5% paraformaldehyde 
buffered at pH 7.4 with 0.1 M cacodylate. The palatal mucosa in the intermolar 
and postrugal regions and the sinus hair follicles in mystacial pads were excised 
and immersed in the same fixative overnight. The fixed tissues were cut into small 
pieces and processed for SEM and TEM observation. 

Specimens to be examined by SEM were macerated with 6 N NaOH at 60 °C 
for 15 min (Takahashi-Iwanaga and Fujita 1986). After maceration, the tissue 
pieces were postfixed with 1 % tannic acid for 1 h, followed by 1 % OSO 4 for 1 h. 

The osmicated specimens were dehydrated through a graded series of ethanol, 
transferred to isoamyl acetate, and critical-point dried with liquid CO 2 . The dried 
specimens were coated with osmium, and examined in a Hitachi H-4500 scanning 
electron microscope. 

For TEM observation, the aldehyde-fixed specimens were immersed in 1% 
OSO 4 for 2 h at 4 °C, dehydrated through a series of ethanol, and embedded in 

Epon-812. Ultrathin sections were examined in a Hitachi H-7100 transmission 
electron microscope after double staining with uranyl acetate and lead citrate, or 
after triple staining with uranyl acetate, lead citrate, and tannic acid. 
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Results 

The NaOH maceration of the SEM specimens effectively hydrolized the base- 
ment membrane, and loosened cell junctions to expose the basal and lateral as- 
pects of epithelial tissues. Merkel cells were identified by their spine-like micro- 
villi dispersed on the cell surface both in the sinus hair follicle and in the palatal 
mucosa (Fig. 1). By TEM, the cells were seen to enclose numerous dense cored 
granules in the cytoplasm, and frequently formed desmosome junctions with ad- 
joining epithelial cells (Fig. 2). 

Cutaneous Merkel Cells In the Sinus Hair Follicle 

Numerous Merkel cells occurred in the basal layer of the external root sheath at 
the level of the ring sinus as reported previously (Patrizi and Munger 1966; Halata 
1993). At this part, the basal layer consisted of small epithelial cells elongated at 
right angles to the hair axis, while its overlying layer of the root sheath comprised 
large squamous cells. The elongated basal cells and the cutaneous Merkel cells 
were roughly similar in size and shape, except that the latter displayed a triangular 
cross section with a narrow apical ridge and a flattened base in contrast to the cu- 
boidal appearance of the former. The basal cells hung over the apical ridge of the 
Merkel cells, and extended flap-like projections beneath their cell base to entirely 
envelope the cell body (Fig. la, b). 

The apical ridge and the basal surface of the cutaneous Merkel cells were 
equipped with numerous microvilli measuring 2-3 pm in length, while the lateral 
sides of the cells were absolutely smooth. The apical microvilli projected into cor- 
responding pits in the overlying squamous cells through gaps between basal cells. 
The basal microvilli of the Merkel cells protruded from the basal layer, and pene- 
trated the thick basement membrane as corroborated by TEM (Fig. 2a). Lateral 
sides of the Merkel cells were frequently attached to discoid endings of axons with 
secretory granules of the former accumulated in the contacting area. 

Mucosal Merkel Cells In the Palate 

Merkel cells clustered in the basal layer of the epithelial ridges of the posterior 
palatal mucosa, in accord with previous reports (Tachibana et al. 1997). The 
epithelial ridges were represented by a stack of polyhedral cells increasing in size 
toward the surface of the mucosa. The mucosal Merkel cells revealed a small, 
round cell body and large membranous processes extended along intercellular 
spaces in the epithelium (Fig. lb, c). Both the cell body and the processes were at- 
tached to the basal lamina through gaps between basal cells. Each Merkel cell 
body was surrounded by three to five basal cells on the lateral aspect, and con- 
tacted by a larger epithelial cell on the apical aspect. 

Microvilli of the mucosal Merkel cells were about 2 pm long, and randomly 
dispersed on the cell body and on the membranous processes. Some microvilli 
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Fig. la-d. Scanning electron micrographs of rat Merkel cells, a Cross section of a sinus 
hair follicle. A Merkel cell {M) in the basal layer displays a triangular body with apical {ar- 
rows) and basal {arrowheads) microvilli. B Basal cells, E squamous epithelial cell overly- 
ing the basal layer, b Cells in a basal layer of a sinus hair follicle. A Merkel cell {M) issues 
microvilli from the apical ridge {arrows) and the flattened base {arrowheads). B Basal cell, 
c Cross section of palatal epithelium. A Merkel cell {M) radiates microvilli to adjoining 
basal cells {B), as well as to an overlying epithelial cell {E). Asterisks Basal surface of the 
epithelium, d Cells in a basal layer of palatal epithelium. A Merkel cell {M) embraces two 
basal cells {B) with its membranous process {asterisks). Note numerous microvilli {arrows) 
dispersed along the surface of the Merkel cell. Bars 3 pm 
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Fig. 2a, b. Rat Merkel cells presented by transmission electron microscopy, a Basal 
layer of a sinus hair follicle. A Merkel cell {M) extends a spine-like projection into base- 
ment membrane (arrow). Note numerous dense cored granules (arrowheads) apposed to an 
axon ending (A), b Basal layer of palatal epithelium. A Merkel cell body (Af) containing 
fine granules is attached to the basal lamina (arrows). Bars 2 pm 

penetrated adjoining epithelial cells while others terminated as free ends in inter- 
cellular spaces. Synaptic contacts were only occasional in the mucosal Merkel 
cells. Secretory granules occurred in the entire cytoplasm of the cells (Fig. 2b). 



Discussion 

The cutaneous Merkel cells in the sinus hair follicle and the mucosal ones in 
the posterior palate of rats exhibited their characteristic features as reported previ- 
ously by TEM (Patrizi and Munger 1966; Halata 1993; Tachibana et al. 1997): the 
former frequently displayed synaptic contacts with axon endings, while the latter 
attached paracrine processes to the basal aspect of the epithelium. Using immuno- 
histochemistry with cell markers, Tachibana et al. (1997) described the processes 
of the mucosal Merkel cells as pursuing long dendritic courses among epithelial 
cells, suggesting their paracrine effects on these cells. In the present SEM observa- 
tion, the dendritic Merkel processes revealed their membranous shapes, apposing 
larger and more numerous secretory surfaces to their possible targets. 

Merkel cells have generally been believed to randomly radiate their microvilli 
(Iggo and Muir 1969). However, the combined SEM and TEM observations of the 
present study have shown that the cutaneous Merkel cell in the sinus hair follicle 
and the mucosal one in the posterior palate differ fi’om each other in the distribu- 
tion of their microvilli on the cell surface as well as in their topographical relation- 
ships with surrounding tissues. In the former cell, microvilli were restricted to the 
apical and basal aspects. The apical and basal microvilli were tightly held by over- 
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lying epithelial cells and the basement membrane, respectively, while the cell 
body was shielded from these abutments by adjoining basal cells. In the latter mu- 
cosal Merkel cell, on the other hand, microvilli were randomly dispersed along the 
entire cell surface. These microvilli, as well as the main portion of the cell, were 
arbitrary connected with their surrounding structures. 

There is accumulated evidence showing that Merkel cells respond to mechani- 
cal stretching of the cell membrane by an elevation of the intracellular Ca^“^ con- 
centration, which triggers granule exocytosis in various secretory cells (Chan et al. 
1996; Tazaki and Suzuki 1998). It is reasonable to expect that attenuated micro- 
villi of the Merkel cells are the most susceptible sites for such stimuli. The well- 
organized tissue support of the cutaneous Merkel cell suggests that microvilli of 
the cell are specifically displaced by a certain type of tissue deformation in favor 
of the potential role of the cell as a mechanoreceptor. On the other hand, the ran- 
dom anchoring of the mucosal Merkel cell indicates that various kinds of tissue 
deformations nonspecifically bend its microvilli, ensuring the incessant release of 
secretory granules for the maintenance of epithelial cells and development of 
nerve fibers. 
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Summaty 

Live Merkel cells are known to incorporate a fluorescent dye, quinacrine 
(3,3',4',5,7-pentahydroxyflavone). Quinacrine fluorescence in the cells is, how- 
ever, quickly lost and quinacrine-stained Merkel cells become difficult to identify 
in tissue culture. To find dyes that stay in the cells for a long period of time, we 
tested many fluorescent dyes and found that FMl-43 (N-(3- 
triethylammoniumpropyl)-4-(4-(dibutylamino)-styryl)pyridinium dibromide) is a 
useful marker for live Merkel cells. In the rat footpad skin, FMl-43 was revealed 
to stain most of the live Merkel cells that were already stained with quinacrine. 
Merkel cells in sinus hair follicles were also stained with FMl-43 dye. The fluo- 
rescence intensity of the FM dye was stronger than that of quinacrine, and the 
shape of the cells was more distinct in the FMl-43 -stained cells. We thus conclude 
that the FM dye is a powerful tool for tracing live Merkel cells in in vitro experi- 
ments. Moreover, the finding that Merkel cells incorporate the FM dye suggests 
that vesicles in Merkel cells are likely to represent recycling in a manner similar to 
those in neurons and secretory cells. 



Introduction 

Live Merkel cells in the skin and hair are known to incorporate quinacrine 
(Crowe and Whitear 1978; Nurse and Diamond 1984) which elicits fluorescent 
light under UV-illumination. The method of marking live Merkel cells with quina- 
crine has been utilized to differentiate the cells from other epidermal cells in in 
vivo and in vitro experiments (Nurse et al. 1983, 1984; Nurse and Diamond 1984). 
This dye is, however, quickly lost from the Merkel cells. To find fluorescent dyes 
that distinguish live Merkel cells from other epidermal cells, we tested many fluo- 
rescent dyes and found that FMl-43 dye is a powerful marker for identifying live 
Merkel cells (Fig. 1). 
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necyding of synaptic vesicles 
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Fig. 1. Schematic illustrations of the mechanisms of staining cells with the FM dye. Left 
FMl-43 dye added to the extracellular space is incorporated in the nerve terminal during 
recycling of synaptic vesicles. Right Vesicles in Merkel cells may represent recycling simi- 
lar to those in the synaptic terminal. In fact, it is demonstrated in the present study that 
Merkel cells incorporate FMl-43 dye 



Materials and Methods 

Merkel Cells in Skin of Footpad. A skin sample was dissected from the footpad 
of rats (7-14 days old) and was cut into pieces of approximately 3x3 mm. These 
pieces were first incubated in Dulbecco/F-12 medium containing 20 ng/ml quina- 
crine at 37 °C for more than 2 h in a CO 2 incubator. In order to remove connec- 
tive tissue, these pieces were incubated in ice-cold Dulbecco/F-12 medium con- 
taining trypsin (0.04%) and pancreatin (36 mg/ml) for 30 min. After bathing the 
preparations in Dulbecco/F-12 medium containing 1% protease inhibitors (Sigma, 
USA) and 10% FCS (Gibco, USA), the connective tissue was carefully removed 
with forceps under a dissection binocular microscope. Merkel cells thus exposed 
on the surface of the preparation were examined under a fluorescence microscope. 
The same preparations that were examined under the microscope were then incu- 
bated with 10 pg/ml FMl-43 dissolved in high-K (20 mM) Hank's solution for 
30 min at 37 °C. The preparations were rinsed with Dulbecco/F-12 medium con- 
taining 10% FSC for more than 2 h to remove nonspeciflcally bound FM dyes. 

Merkel Cells in Sinus Hair Follicles. Sinus hair follicles were dissected from a 
whisker pad of a young rat, and their capsules were removed under a binocular 
microscope. To stain Merkel cells with FM dyes, preparations were incubated in 
FM-dye-containing high-K Hank's solution for 30 min at 37 °C. In order to re- 
move connective tissue, these preparations were incubated with trypsin/pancreatin 
and the connective tissue was removed. 
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Fig. 2 A, B. Merkel cells in rat footpad skin stained with quinacrine and FM dye. The 
footpad skin was first exposed to quinacrine (A) and then to FMl-43 (B). A Computer- 
enhanced fluorescent picture of quinacrine-stained Merkel cells. B The same skin prepara- 
tion shown in A was stained with FMl-43. A group of cells indicated by arrows and a cell 
indicated by an arrowhead changed their position during the perfusion of the preparation. 
Scale bar 50 |am 
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Results 

Merkel Cells in Footpad Skin Stained with Quinacrine and FMl-43. Figure 2 
demonstrates that live Merkel cells in the footpad skin are stained with both qui- 
nacrine and FMl-43. We first identified Merkel cells in the skin preparation by 
staining with quinacrine (Fig. 2 A), and these quinacrine-stained cells were then 
stained with FMl-43 (Fig. 2B). A group of small cells of approximately 10-20 pm 
are seen to generate fluorescence of quinacrine (Fig. 2A). According to the size 
and shape of the cells, they were concluded to be Merkel cells. The same prepara- 
tion as that shown in Fig. 2 A was then incubated in a high-K (20 mM) Hank's me- 
dium containing 10 pM FMl-43 for 1 h. After rinsing the nonspecifically bound 
FM dye by perfusion for 2 h, the same preparation was again viewed under a fluo- 
rescence microscope (Fig. 2B). It was observed that most quinacrine-positive cells 
shown in Fig. 2 A are also stained with FMl-43. The fluorescence intensity of 
FMl-43 was stronger than that of quinacrine and the contour of the cells was more 
distinct in the FM-dye-stained skin preparation. 




Fig. 3 A, B. Merkel cells in sinus hair follicles stained with FMl-43 dye. A DIC picture 
of superior enlargement of a hair follicle. Connective tissue covering the superior enlarge- 
ment was removed by protease treatment (see Materials and Methods). B a fluorescent pic- 
ture of the same visual field in A. FM-dye-stained cells {arrow) were seen on the surface of 
the preparation 
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Merkel Cells in Sinus Hair Follicles. Merkel cells of sinus hair follicles from a 
whisker pad were stained with FMl-43 or quinacrine (Fig. 3). To obtain clear im- 
ages, the thin connective tissue surrounding the superior enlargement (Andres 
1966) of the hair follicle was removed by protease treatment (Fig. 3 A). When 
viewed under a fluorescence microscope (Fig. 3B), FM-dye-stained cells (arrows 
in Fig. 3B) were seen lined along the surface of the preparation. It was noted that 
the long axes of these spindle-shaped cells were approximately vertical to the hair 
(arrowhead in Fig. 3A) of the follicle. 



Discussion 

The present study shows that live Merkel cells in the skin and hair follicles are 
stained with FM dyes. Accordingly, we conclude that FM dyes are convenient 
probes for differentiating the cells from other epidermal cells. A small number of 
quinacrine-positive cells were not stained with FM dyes. This was likely due to 
the instability of Merkel cells on the surface of the protease-treated preparations. 

Vital staining of Merkel cells with FM dyes has advantages in several respects 
as compared with that with quinacrine. First, the fluorescence intensity of FM 
dyes is stronger than that of quinacrine. Indeed, in tissue culture preparations, FM- 
dye-positive Merkel cells were more easily identified than quinacrine-positive 
cells under a fluorescence microscope. Second, the contour of Merkel cells in the 
skin and hair follicles is more distinct with FM-dye-staining than with quinacrine- 
staining. The clear image of FM-dye-positive Merkel cells is usefiil to monitor the 
change in the shape of the cells. Third, compared with quinacrine, FM dyes re- 
main in the cells for a long period of time. Merkel cells that were once stained 
with the dyes could be monitored for more than a week in our culture experiments 
(Fukuda et al., in press). 

FM dyes are known to be incorporated in synaptic vesicles in neurons (Betz et 
al. 1996; Cochilla et al 1999; Cousin 1999; Sudof 2000; Ryan 2001) and secretory 
cells (Angleson et al. 1999). Thus, they have been frequently utilized as tools for 
studying the mechanisms of turnover of synaptic vesicles. The present finding in- 
dicates that Merkel cells are different from other epidermal cells in terms of their 
ability to incorporate FM dyes. Since Merkel cells are known to contain synaptic 
vesicles, FM dyes may be useful tools for studying the mechanisms of turnover of 
these vesicles in Merkel cells. 
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Summary 

Merkel cells (MCs) are widely distributed in human skin, localized in a high 
proportion in the epidermis of hairy and glabrous skin in sites of high tactile sensi- 
tivity. In other mammals, snouts, touch domes, sinus hair follicles, lips and hard 
palate are rich areas of MCs. The aim of this study was to determine the normal 
distribution of MCs in the dog. Tissue samples from several locations were ob- 
tained from six adult dogs of different age, sex and breed, fixed in 10% buffered 
formalin, embedded in paraffin wax and cut into 3 pm tissue sections. The ABC 
method was used with different poly- and monoclonal antibodies tested (anti- 
Ck20, anti-Cks 8 and 18, anti-CgA, anti-NSE, anti-synaptophysin, anti-NF). MCs 
were observed in several sites of the skin and the oral, genital and nasal mucosae, 
as well as in different types of hair follicles. Face skin, digital pads, oral mucosae 
and vibrissae appear as high-density areas of MCs in dogs, in which they are fre- 
quently disposed in groups of three to ten cells. In many locations, the cells 
showed close relation with terminal axons. These locations are in accordance with 
studies in other mammals reported in the literature. 



Introduction 

Merkel cells (MCs) were first described by F. Merkel in 1875 who called these 
cells "Tastzellen" (touch cells; Merkel 1875). They are found in the basal layer of 
the epidermis and epithelium of mucosae in mammals, where they are in contact 
with epidermal cells, as well as in hair follicles. MCs have been related to me- 
chanical perception (Tachibana 1995). Moreover, other possible functions such as 
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introduction of growing nerve fibres to their destinations, participation of the 
morphogenesis of skin appendages (Tachibana 1995) and induction of the devel- 
opment of taste buds (Toyoshima et al. 1999) have been reported. 

In humans, MCs are located in the epidermis of hairy and glabrous skin, pre- 
dominantly in sites of high tactile sensitivity such as the plantar and digital skin 
(Hartschuh et al. 1989), and in hair follicles (Uchigasaki et al. 2000). Snouts, 
touch domes, sinus hair follicles, lips and hard palate are rich areas of MCs in 
other mammals including cats, pigs, guinea pigs, rats and monkeys (Tachibana 
1995). 

The purpose of the study was to determine the normal location of Merkel cells 
in the canine skin and mucosae and the areas in which this cell population reach 
the highest proportion. 



Materials and Methods 

Skin and mucosae samples from several locations (Table 1; Figs. 1, 2) were ob- 
tained from six dogs of different breeds (boxer, mixed-breed dog (2), poodle (2) 
and cocker spaniel), age (between 2 and 4 years) and sex (three males and three 
females). Tissue samples were fixed in 10% buffered formalin for 24 h, embedded 
in paraffin and cut at 3 pm. The different sections were deparaffmed, rehydrated 
in graded alcohols, and incubated with 3% hydrogen peroxidase in methanol for 
30 min to block endogenous peroxidase activity. Heat-induced antigen retrieval 
(water bath at 95-100 °C) with 10 mM citrate buffer (pH 6.0, 5-6 min) was used. 
After cooling, slides were covered with 10% normal goat serum in PBS for mono- 
clonal antibodies and in 10% normal swine serum for polyclonal antibodies for 
30 min before incubation with the primary antibodies for 18 h at 4 °C. The differ- 
ent primary antibodies employed were cytokeratins 8, 18 and 20, neuron- specific 
enolase, chromogranin A, synaptophysin, and neurofilaments. The avidin-biotin 
peroxidase complex (ABC) method was applied (Vector Laboratories, Burlin- 
game, CA) and the chromogen used was 3-amino-9-ethyl-carbazole. The slides 
were counterstained with Mayer's hematoxylin. 

The immunostainings were evaluated separately and results were based upon 
the consensus of at least two observers. The number of immunoreactive cells was 
evaluated on a 3-point scale on 1.5-cm-long tissue sections (+ 1-6 cells, ++ 7- 
12 cells, +++ >12 cells). 



Results and Discussion 

Merkel cells (MCs) were distributed in different proportions according to the 
corporal area analyzed (Table 1), showing differences between mucosae, skin and 
hair follicles. 
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Table 1. Locations and distribution of Merkel cells in skin, mucosae and hair 
follicles 



Skin 


MCs 


Mucosa 


MCs 


Head 


Nasolabiale planum 


+++ 


Oral 


Hard palate 


+++ 


Nasal apex and planum 
nasale 


+++ 


Soft palate 


++ 


Cheeks (skin) 


+++ 


Cheeks (mucosa) 


+++ 


Lower lip (skin) 


+++ 


Gums 


+++ 


Upper lip (skin) 


+++ 


Tongue 


+ 


Eyelids (skin) 


+ 


Lower lip 
(mucosa) 


+++ 


Pinna (external side) 


- 


Upper lip (mucosa) 


++ 


Pinna (internal side) 


+ 


Geni- 

tal 


Clitoris 


+ 


Trunk 


Dorsal region 


+ 


Vulva (mucosa) 


- 


Lumbar region 


+ 


Vagina 


- 


Flanks 


- 


Prepuce (mucosa) 


- 


Abdomen and inguinal 
region 


+ 


Gians penis 


+ 


Axilla region and chest 


+ 


Ocular 


Eyelid conjunctiva 


- 


Nipples 


- 


Ocular conjunctiva 


- 


Vulva (skin) 


+ 


Third eyelid 


- 


Scrotum 


- 


Anal 


Anocutaneous 
junction (mucosa) 


- 


Prepuce (skin) 


+ 


Nasal 


Nasal vestibule 


+ 


Anocutaneous junction 
(skin) 


+ 




Limbs 


Fore limb 


+ 


Hind limb 


+ 


Hair Follicles 


MCs 


Fore limb digital pads 


+++ 




Tylotrichs 


+++ 


Hind limb digital pads 


+++ 


Vibrissae 


+++ 


Interdigital skin 


+ 


Normal 


++ 



absent; +: L6 cells; ++: 7-12 cells; +++: > 12 cells (in 1,5 cm tissue sections). 



Mucosae 

Oral mucosa was the area in which the highest population of MCs was found, 
mainly in the hard and soft palate, internal mucosa of cheeks and gums. They were 
distributed alone or forming groups of 3-14 cells, with a round to oval morphol- 
ogy. The larger proportion of MCs was located in basal layers of the epithelium, 
although occasionally a few cells were observed in more superficial layers. This 
spherical cell population was the only observed and dendritic MCs observed by 



22 Espinosa de los Monteros et al. 




Fig. 1. Dog, interdigital skin. Group of Merkel cells in the basal layer of a Haarscheibe. 
Note the disposition of the cells with the long axis parallel to the skin surface. Cytokeratin 
20 antibody, ABC method, AEC chromogen, Mayer's hematoxylin counterstaining; x400 

other authors were not noted (Tachibana and Nawa 2000). Evidence of close 
contact between spherical MCs and terminal nerves were observed with neuron- 
specific enolase (Fig. 2). In nasal and genital mucosa, a very small number of 
MCs were seen. They had oval to elongate morphology and were always alone 
and in the basal layer of the epithelium. MCs were not observed in other mucosal 
location. 



Skin 

MCs were dispersed in the skin of the animal, specifically located in character- 
istic small thickenings of the epidermis irregularly distributed called "Haar- 
scheiben" or "hair discs", first described by F. Pinkus in 1902. In these structures, 
MCs had an oval to round morphology and tended to form groups of three to ten 
cells (Fig. 1), rarely were they found as lonely cells. The immunostained cells lay 
in a plane parallel to the basement membrane and thus at right angles to the co- 
lumnar epithelial cells. Sometimes, immunostained nerve fibres (neurofilaments 
and neuron-specific enolase) were clearly visible in the subcutaneous area, pene- 
trating the basement membranes and in close association with the basal part of 
immunostained cells (Merkel cell-neurite complex). This fact has been observed 
in the skin of cats and rats (Gu et al. 1981). 

The areas with high density in MCs were skin of the cheeks (mainly in the vi- 
cinity of the vibrissae), nasal apex and digital pads (where the arrangement of 
MCs is similar to that in mucosae), planum nasale, lips and nasolabiale planum 
(Table 1). 
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Fig. 2. Dog cheek. Vibrissae showing numerous immunoreactive Merkel cells in the 
outer root sheath in a transversal section. NCL-5D3 antibody, ABC method, AEC chro- 
mogen, Mayer's hematoxylin counterstaining. x400 

Hair Follicles 

MCs were observed in normal or guard hair follicles, tylotrich hair follicles and 
vibrissae. 

Normal hair follicles. The cells were distributed alone and scattered 
among the epithelial cells of the bulge area. There were no significant differences 
in the numbers of MCs present in hair follicles of the different regions studied. 
They were always scarce (one to three MCs per follicle) with the exception of the 
dorsal region skin, in which the number of MCs was slightly increased. 

Tylotrich hair follicles. MCs were found in higher numbers and also scat- 
tered, being more numerous in the skin of the face mainly in the adjacent areas to 
the lips. Examinations of the differences between the average number of Merkel 
cells per hair follicle in humans revealed that there were more in facial follicles 
than in those elsewhere (Uchigasaki et al. 2000). In tylotrich hair follicles associ- 
ated with Haarscheiben in the trunk skin, MCs were not as numerous and located 
in the upper infundibulum. 




24 Espinosa de los Monteros et al. 



Vibrissae. Positive cells were located in a very high proportion (>20 MCs 
per vibrissae) in the enlarged portion of the vibrissae, within the basal layer of the 
outer root sheath. Some of these cells were always vacuolated in the longitudinal 
sections. There was no difference in the anatomical distribution pattern among dif- 
ferent anatomical regions tested. Small groups of cells were frequently found in 
the outlet part of the vibrissae and in the interfollicular areas (in Haarscheiben). 



Conclusion 

The results obtained in this study show that Merkel cells are widely distributed 
in hairy skin and mucosae of the dog and are in concordance with reports where 
the location of Merkel cells in other mammals has been studied. 
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Summary 

New procedures in the field of reconstructive surgery place more emphasis on 
the reconstruction of form and function. An important aspect is the touch percep- 
tion of the transplanted tissue surface. The results of this study, involving the free 
radial forearm flap and the latissimus dorsi flap, allow the assumption that a nerve 
reconstruction is not necessary, because good reinnervation in most parts of the 
flaps can be observed. Merkel cells can be found within the hairy skin of most 
body regions. For the detection of Merkel cells CK 20 antibodies were used. 
Seven days after operation as well as after 2 and 4 months postoperative, CK 20- 
positive cells were found in the transplant. These results correlated with good re- 
covery of touch perception. 



Introduction 

In continuous implementation of new procedures in the field of reconstructive 
surgery, primarily involving the head and neck region, more and more emphasis is 
laid on the reconstruction of form and function (Boyd et al. 1994; Katou et al. 
1995; Baumann et al. 1996). An important aspect is the touch perception of the 
transplanted tissue surface. 
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Fig. 1. Schematic drawing of the forearm flap 




N. (hqfscofkirsalts 



Fig. 2. Schematic drawing of the musculus latissimus dorsi flap 



Materials and Methods 

The results of our clinical study, involving the free radial forearm flap (19 pa- 
tients, 10 females, 9 males, 11-71 years, mean 47.1 years; Fig. 1) and the muscu- 
lus latissimus dorsi flap (62 patients, 30 females, 32 males, 3-85 years, mean 
52.1 years; Fig. 2) support the assumption that nerve reconstruction is not neces- 
sary, because good reinnervation in most parts of the flaps can be observed. As a 
clinical examination method, Semmes- Weinstein monofilaments were used. 
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Fig. 3. Merkel cells 4 months after a free musculus latissimus dorsi flap stained for CK 20 

These are often applied for the determination of the sensory recovery (Levin et al. 
1978; Costas et al. 1994; Posnick and Grossmann 2000). Every flap was split into 
five sectors for the examination, one central and four peripheral (9-12, 12-3, 3-6 
and 6-9 o'clock). 



Results and Discussion 

In the radial forearm group, we could detect 84.2% positive, in the musculus 
latissimus dorsi group 69.7% positive sectors with Semmes- Weinstein monofila- 
ments. The examination time in the first group was between 2 and 135 months 
(mean 20.3 months). The examination time in the second group was between 1 
and 127 months (mean 21.7 months). 

Merkel cells can be found within the hairy skin of most body regions. We know 
that after nerve reconstruction domes with Merkel cells degenerate, but not always 
disappear completely (English 1977; English etal. 1983, 1984, 1992). 

They may act as target sites which attract regenerating type I nerve fibers 
(Horch 1984; He et al. 1999). Maybe they are involved in the formation of new 
dome structures after nerve regeneration. 

For the detection of Merkel cells, CK 20 antibodies were used. Seven days after 
operation as well as after 2 and 4 months postoperative, CK 20 positive cells were 
found in the transplants (Fig. 3). These results correlated with good recovery of 
touch perception, examined with Semmes-Weinstein monofilaments. 
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This is a preliminary report about five patients who all reacted positive to 
Merkel cells. It is the first time that Merkel cells could be demonstrated in pedi- 
cled and free microvascular human flaps. Further investigations are now necessa- 
ry. 
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Summary 

Recent findings indicate that Malassez epithelium (ME) consists of a heteroge- 
neous epithelial cell population. The aim of this study was to investigate the iden- 
tity of these cells using light and electron microscopy, using protein gene product 
9.5 (PGP-9.5). Positive PGP-9.5 immunoreactive (IR) products were recognized 
in the ground substance of the epithelial cells in both human and cat periodontal 
ligament (PDL). These immunopositive cells in the cat ME shared the ultrastruc- 
tural features of Merkel cells (MCs). No neural elements were observed in the vi- 
cinity of the cat ME. However, a close relationship between PGP-9.5 IR nerves 
and immunopositive epithelial cells in the human ME was revealed. This ultra- 
structural evidence demonstrates the existence of non-innervated MCs in cat ME 
and suggests the existence of innervated MCs in human ME. 



Introduction 

The epithelial cells, known as ME, in the PDL are remnants of Hertwig's 
epithelial root sheath. They exist as strands close to the cementum surface after 
tooth eruption (Hamamoto et al. 1989). Morphological studies have shown that 
ME in humans and rats is composed of light and dark cells (Brice et al. 1991; Ka- 
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neko et al. 1999), and there are cytoskeletal similarities between the basal junc- 
tional epithelium and ME (Peters et al. 1995). These data imply a non-uniform, 
heterogeneous structure of ME which has been reported. 

Recent study of cat PDL confirms the cellular diversity of ME. The cat ME has 
been demonstrated to contain cells immunoreactive to CGRP, VIP and SP (Kvinn- 
sland et al. 2000). Furthermore, a double immunolabelling for PGP-9.5 and cy- 
tokeratin (CK) 20 of cells within ME and gingival epithelium gives strong support 
to the hypothesis that ME also includes Merkel-like cell properties (Tadokoro et 
al. 2002). The aim of this study was to investigate the ultrastructure of PGP-9.5 
immunopositive cells in human and cat ME and gingival epithelium using light 
and electron microscopy. 



Materials and Methods 

Specimens from teeth and tooth-supporting tissues in human and cat were used 
in this study. Human PDL tissue including maxillary incisors was fixed in forma- 
lin, rinsed in phosphate buffer and decalcified in formic acid. The cats were anaes- 
thetised with s Nembutal and perfused with paraformaldehyde. The jaws were ex- 
cised, post-fixed and decalcified in EDTA. After demineralisation, the teeth were 
cut sagittally at 30 pm. 

For immunohistochemical purposes, a standard procedure was used. A poly- 
clonal antibody to PGP-9.5 was used and the antigen detection was determined 
with the ABC method. Final visualisation was performed by DAB, with or without 
nickel ammonium sulphate. Following confirmation of the DAB reaction, some 
cat sections were post-fixed in 1 % OSO 4 , dehydrated and then embedded in epoxy 

resin. Ultrathin sections were examined under a transmission electron microscope. 



Results 

The observation demonstrated the presence of PGP-9.5 IR cells and nerve fi- 
bres in both human and cat. Immunopositive cells were also detected in the ME 
and the apices of the rete pegs of the gingival epithelium. The majority of these 
cells were oval in shape and located in the vicinity of nerve fibres. 

Some positive cells in the cat gingival epithelium contained PGP-9.5 IR prod- 
ucts in the ground substance closer to the cell membrane. Their nuclei were irregu- 
lar in shape, with secretory granules characteristic for MC. However, there were 
no nerve endings in their vicinity. 

Epithelial cells in the cat PDL were connected by desmosome-like structures 
and surrounded with basal lamina (Fig. 1). The ground substance of these cells 
contained cored vesicles of approximately 100 nm and tonofilaments. These vesi- 
cles, appearing as secretory granules, were accumulated in finger-like projections 
protruding towards the neighbouring epithelial cells and PDL cells. 
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Fig. 1. PGP-9.5 IR cells in cat ME. Dense core vesicles {arrowhead) accumulate in the 
cytoplasmic process and finger-like projections protruding toward the PDL fibres {arrow) 
can be seen. Scale bar 500 nm 



Discussion 

The present study revealed the existence of PGP-9.5 IR cells in human and cat 
ME and gingival epithelium. The ultrastructural morphology of the immunoposi- 
tive epithelial cells in the Malassez clusters lead us to the hypothesis that they rep- 
resent Merkel-like cells. 

Previously, we showed that neuroendocrine cells contain CGRP, SP and VIP 
in cat ME and gingival epithelium (Kvinnsland et al. 2000). Furthermore, single 
cells in cat ME and gingival epithelium show simultaneous immunolabelling for 
PGP-9.5 and CK 20 (Tadokoro et al. 2002), indicating that these neuroendocrine 
cells may be categorised in MCs. The PGP-9.5 IR cells shown in this study had 
large cored vesicles, characteristic for MCs. They were found in the cell body, as 
well as the cytoplasmic processes protruding towards the neighbouring cells. 
Taken together, the PGP-9.5 IR cells have possible neuromodulatory roles for ME 
in the cat PDL. 

MCs can be classified into two types; innervated and non-innervated MCs (Ta- 
chibana et al. 1997). Under an electron microscope, the PGP-9.5 IR cells were 
non-innervated MCs. However, previous studies and this light and electron micro- 
scopic study have shown an intimate relation between nerve endings and ME 
(Kvinnsland et al. 2000; Tadokoro et al. 2002), indicating that both types are pre- 
sent in the ME of humans and cats. 

The fmger-like projections in the MCs in the cat ME resemble the axon termi- 
nals of periodontal Ruffini endings (Byers and Maeda 1997). The role of MCs still 
remains unclear (Tachibana 1995), but it is possible that they serve as mechano- 
receptors. 

The present results indicate that cat ME contains non-innervated MCs. Further 
investigations are needed to clarify the functional role of MCs in the periodontal 
ME. 
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Summary 

In this study, we investigated Merkel cells which are found in large numbers in 
the palatal rugae area functioning as mechanoreceptors. The morphological 
changes occurring as a consequence of the abnormal mechanical stimulation ex- 
erted by the denture base over the palatal mucosa were observed. Degeneration of 
Merkel cells and sensory nerve fibers was recognized on the first day after the 
denture plate was placed. Thus, continuous mechanical stimulation, even for a 
very short term can influence the nature and property of the sensory nerve fibers. 
Further, necrosis or apoptosis of Merkel cells was induced by strong continuous 
mechanical stimulation exerted by the denture base on the underlying mucosa. 



Introduction 

Merkel cells (MCs) have been found in large numbers in the palatal rugae (Van 
der Welf et al. 1982; Arvidsson et al. 1995), and along with other terminal sensory 
nerves they have been considered to function as mechanoreceptors of the palate 
(Van der Welf et al. 1982; Liem et al. 1984; Tachibana et al. 1991; Arvidsson et 
al. 1995). 

Nowadays in dental practice, for those clinical cases of either complete or par- 
tially edentulous patients who have lost large numbers of teeth, in order to achieve 
retention and stability of the dentures, the majority of the palate is usually covered 
by the denture base. As a consequence, the physiological pressure exerted by the 
tongue and alimentary bolus over the palatal mucosa during the masticatory proc- 
ess is intercepted by the presence of the denture base. On the other hand, the den- 
ture base exerts a continuous mechanical stimulation over the palate. Thus, taking 




34 Ishizaki et al. 



into consideration the physiological function of the palate, it is easy to presuppose 
that this situation might cause some undesired problems. 

In previous studies we have investigated the distribution of MCs in the lateral 
palatal rugae of hamsters, and demonstrated that the number of MCs decreased as 
a consequence of mechanical stimulation exerted by the denture base over the 
palatal mucosa. 

Nevertheless, in the previous experiments not only could we not control the 
pressure exerted over the palatal mucosa, but it was also not possible to avoid the 
chemical effects of the materials used for the confection of the experimental den- 
tures. 

Therefore, in order to clarify the morphological changes occurring in MCs as 
well as in the surrounding tissue as a consequence of mechanical stimulation ex- 
erted by the denture base over the palate, we improved the former experimental 
method. 



Materials and Methods 

Ten male golden hamsters, 8-9 weeks old, were used. 0.15 ml of pentobarbi- 
tone anesthesia was intraperitonealy injected and impressions of the palate were 
taken in order to make the casts. Subsequently, a 0.8-mm-deep hole was drilled 
over a cast at the left side of the palatal rugae in order to create an elevation on the 
internal surface of the dentures. The experimental denture bases were made of ad- 
hesive resin (4-META/MMA-TBB) over the cast, and were set on the palate of the 
animals under general anesthesia. The denture bases were pressed against the pala- 
tal mucosa and fixed to the posterior teeth using the same adhesive resin (Fig. 1). 
The animals were killed 1, 3, 5 and 7 days later. 



Results and Discussion 

Figure 2 shows histological images (sectioned at 1 pm thickness) of the palatal 
rugae area which had been subjected to stronger pressure. Histological images 
showed an extremely thin epithelium and a reduction of the epithelial ridges. 
Thus, it was demonstrated that palatal rugae in this area were strongly pressed by 
the elevation created on the denture base. 

Figure 3 a shows an electron microscope image of a normal MC containing a 
large number of dense core granules in the cytoplasm. Moreover, the terminal of 
the sensory nerve fibers making synaptic contact with the MC is shown. Fig- 
ure 3b, c demonstrate changes in the MCs 3 days after the experiment. A de- 
creased number of dense core granules in the cytoplasm can be seen in Fig. 3b, 
while Fig. 3c shows degeneration of the sensory nerve fibers and terminals, mak- 
ing synaptic contact with MCs. The same tendency was already recognizable in 
images taken on the first day of denture base wearing. In Figure 3d one recognizes 
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Fig. 1. The denture base fixed on the palate using adhesive resin (4-META/MMA-TBB) 






Fig. 2. Light microscopic photograph of the depressed palatal rugae. Thin epithelium 
and a reduction of the epithelial ridges were observed in the experimental group 



damage to the cell membrane and intracellular infiltration of the surrounding tis- 
sues, leading to distortion of the cell's shape on day 5 after the experiment. 

In the experimental group, a decreased number and, in some instances, a com- 
plete disappearance of dense core granules in the cytoplasm of MCs was found. 
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Fig. 3a-d. Electron microscope photographs of Merkel cells (MQ. a Normal MC in the 
control group, b Decreased number of dense core granules in the cytoplasm was observed 
in MCs 3 days after the experiment, c Degeneration of sensory nerve terminals was seen in 
this specimen obtained 3 days after the experiment, d MCs without any granules were ob- 
served in this specimen obtained 5 days after the experiment 

These findings suggest that continuous mechanical stimulation, even of a low 
intensity, induces morphological changes in the exposed MCs. Degeneration of 
sensory nerve fibers occurs on the first day of denture base wearing. Obviously, 
continuous mechanical stimulation, even for a very short term, can influence the 
nature of sensory nerve fibers. Since cells suffered damage to their membrane 
leading to intracellular infiltration in the surrounding tissues, continuous mechani- 
cal stimulation exerted by the denture base on the mucosa underlying the denture 
appears strong enough to cause a decrease in the number of MCs. 
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Summary 

The purpose of the study is to investigate the behavior of Merkel cells and 
nerve tissue in peri-implant tissue using immunohistochemistry, electron micros- 
copy, and confocal laser scanning microscopy. These results suggested that even 
though the regeneration of epithelium and nerve tissue occurred around the peri- 
implant region, Merkel cells did not regenerate in peri-implant. Therefore, it has to 
be considered that MC-neurite complexes are not formed in the peri-implant tis- 
sue. 



Introduction 

Previous studies revealed that Merkel cells (MCs) are widely distributed in the 
oral cavity such as lip, hard palate, mandibular gingiva, and buccal mucosa (Bar- 
rett et al. 2000). In the fundamental ultrastructural study of MCs in the rodent oral 
cavity, there are two types of MCs, dendritic and roundish in shape. Tachibana et 
al. (1997) reported that most dendritic MCs were not innervated, but roundish 
MCs were innervated (Tachibana 1995; Tachibana et al. 1997). Furthermore, MC 
- neurite complexes have been considered as slowly adapting type I mechanore- 
ceptors in oral mucosa (Tazaki et al. 2000). There are contradicting reports with 
regard to the origin of MCs. Moll et al. (1996) reported that MCs were post- 
mitotic cells to be renewed from undifferentiated keratinocytes with stem cell 
characteristics (Moll et al. 1996). On the other hand. Grim and Halata (2000) re- 
ported that MCs were derived from neural crest cells shown in the limb primor- 
dium of chick/quail chimeras (Grimm and Halata 1996). 
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However, there are a few studies on the behavior of MCs in relation to wound 
healing (Tachibana and Ishizeki 1981). The purpose of this study is to investigate 
the relationship between MCs and nerve tissue regeneration after implantation us- 
ing immunohistochemistry, electron microscopy and confocal laser scanning mi- 
croscopy. 



Materials and Methods 

Twenty-one male Syrian golden hamsters, 5 weeks of age, were used in the ex- 
periment. Under the general anesthesia, the left-side epithelium of the third pala- 
tine ruga was removed with a modified injection needle ( 1.2 mm in diameter). 
Then the palatal bone was removed with a round bar, 0.8 mm in diameter cooled 
with phosphate buffered saline (PBS). The bone cavity for implantation was pre- 
pared by drilling with a dental reamer (#55-#60). A Ti-6Al-4 V screw implant, 
1.3 mm in diameter and 8.0 mm in length was fixed into the bone cavity using a 
screwdriver. During the experimental periods, animals were fed with milk only. 
The right-side third ruga was used as control. 

For light microscope observation, the animals were sacrificed 1, 2, 3, 4, 5, 6 , 
and 7 days after the implantation. The maxilla with implant was removed and 
fixed in 4% paraformaldehyde for 3 days and decalcified with 10% EDTA for 
10 days. The specimens were dehydrated with graded ethanol and embedded in 
paraffin. Paraffin sections, approximately 2 or 3 pm in thickness were cut. For 
immunohistochemical analysis, sections were incubated in a 1:30 dilution of 
monoclonal antibody against CK 20 which reacts with MC, and were incubated in 
a 1:50 dilution of monoclonal antibody against NSE which reacts with nerve fi- 
bers. 

For electron-microscopic observation, the animals were fixed by intracardiac 
perfusion with Kamovsky's fixative solution. Then the tissues were decalcified 
with 10% EDTA for 10 days, postfixed with 2% osmium tetroxide solution 
(OSO 4 ), and then dehydrated and embedded in epoxy resin. Ultrathin sections ap- 
proximately 70 or 80 nm in thickness were cut. Thin sections were stained with 
uranyl acetate and lead citrate and examined using an H7 1 00 electron microscope. 

For confocal laser scanning microscopic observation, the animals were fixed 
and decalcified using the same method as for light microscopic observations. 
Specimens were rapidly frozen in liquid nitrogen and cut into sections of ap- 
proximately 20 pm using a cryostat. Then the specimens were washed with PBS, 
and incubated with either a monoclonal antibody against CK 20 diluted 1:30 for 
2 h or a polyclonal rabbit antibody against protein gene product (PGP) 9.5 diluted 
1 :50 for 2 h. The nuclear areas of the cells were labeled by incubation in a 1 :200 
dilution of TO-PRO-3 iodide for 2 h. 
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Fig. la, b. Seven days after the implantation, a IS Implant space, arrowheads MCs in 
the normal epithelium, b PGP9. 5 -positive nerve fibers are seen in the regenerative connec- 
tive tissue and epithelium {arrowheads) 
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Results 

In the control group, abundant CK 20-positive cells were observed in the basal 
layer of the epithelial rete ridge. In addition, NSE-positive cells were seen in the 
connective tissue just underneath the basal layer. Ultrastructurally, many MCs 
with plenty of neurosecretory granules were seen in the basal layer and also 
around the MCs, nerve endings were seen making synaptic contacts. Confocal la- 
ser scanning microscopic observation showed that PGP9. 5 -positive fibers were 
seen extending from connective tissue towards the CK 20-positive cells. 

In the experimental group, no MCs in the regenerative epithelium were ob- 
served until 7 days using immunohistochemistry, electron microscopy and confo- 
cal laser scanning microscopy (Fig. la). NSE-positive nerve fibers appeared in the 
regenerative connective peri-implant tissue around 4 days after the implantation. 
Electron-microscopic observation showed regenerating nerve fibers just below the 
basal cell layer from 5 days after implantation onwards (Fig. 2). Using double- 
labeling confocal laser scanning microscopic observation, PGP9. 5 -positive nerve 
fibers were seen in the connective tissue at 4 days after the implantation and in the 
epithelium at 7 days after the implantation (Fig. lb). 



Conclusion 

These results suggest that even though regeneration of epithelium and nerve tis- 
sue occurs around the peri-implant region, MCs do not reappear. Thus, it is con- 
cluded that MC-neurite complexes are not formed in the peri-implant tissue. 
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Summary 

Whiskers are highly sensitive touch organs in all mammals apart from man. A 
blood sinus encloses the hair follicles completely or almost completely. One sinus 
hair has several thousand sensory nerve endings. Most of them are located in the 
epithelial thickening below the sebaceous gland. A large number of Merkel cells 
with associated nerve endings can be found in that region. The absolute number 
depends on the species and size of the hair. In cat and rat, large whiskers can have 
up to 2000 Merkel cell-nerve endings innervated by approximately 100 myeli- 
nated axons. 

Within the epithelial thickening, Merkel cells are located in the basal epithelial 
layer of the follicle and arranged like scales in a pine cone. The discoid nerve ter- 
minals are located on that side of the Merkel cell opposite to the basal membrane. 
Synaptic contacts between Merkel cells and nerve terminals can be seen and the 
cytoplasm towards the nerve terminals contains numerous osmiophilic granules. 

In the literature there are studies on structure, development, de- and re- 
generation of sinus hairs; however, we are not aware of any systematic study on 
age-related changes. 

This study was carried out on rats aged between 2 days and 30 months, which 
is a high age in rats. All types of nerve endings were found both in young and old 
rats. The number of Merkel nerve endings depends on the size of the hair follicles. 
In young animals (2 days), they are still growing and mitoses are often seen in the 
thickening of the hair bulb (Merkel cell cuff). At this age, not all Merkel cells al- 
ready have contact with nerve terminals. The number of dense core granules in 
Merkel cells increases during innervation. At the age of 19 days and later, almost 
all Merkel cells are innervated. Absolute numbers of Merkel nerve endings cannot 
be determined using electron microscopy. However, their ultrastructural appear- 
ance did not show any significant change with age. 
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Introduction 

Sinus hair are also described as whiskers, vibrissae, touch hairs or contour hairs 
(Halata 1975). They were first described by Merkel in 1880. The hair follicles in- 
cluding hair bulbs are almost completely embedded in a blood sinus encased in a 
dense connective tissue capsule. The lower third of the blood sinus has septae of 
connective tissue and is called the cavernous sinus, while the upper part of the si- 
nus extending to the sebaceous gland is one large cavity called the ring sinus. 
These structures separate a large number of different mechanoreceptors from the 
surrounding dermis and may act as a buffer against mechanical disturbance from 
the surrounding area. Small hair follicles sometimes only have the ring sinus and 
are referred to as semi-sinus hairs (Munger and Halata 1983). 

Sinus hairs can be found in all mammals excluding man. Apart from a few ex- 
ceptions, they are all innervated by the trigeminal nerve and positioned around the 
face openings, especially on the upper lip. Striated muscle fibres of the mimic 
muscles insert on the capsule of the blood sinus and enable the animals to move 
the hairs under voluntary control. 

The sinus hairs are important for orientation of the animal and contain several 
types of mechanoreceptors: lanceolate nerve endings, small lamellated corpuscles 
and free nerve endings in the connective tissue between blood sinus and hair folli- 
cle epithelium and Merkel nerve endings in the outer root sheet of the hair follicle. 
Merkel nerve endings are by far the most abundant of these mechanoreceptors 
(Halata and Munger 1980). They can be found in two different positions: superfi- 
cially near the rete-ridge collar close to the penetration of the hair shaft through 
the epidermis and in the epithelial thickening of the hair follicle below the seba- 
ceous gland. In this location, the basal lamina is relatively thick and visible under 
light microscopy. This has led to the name glassy membrane (Halata and Munger 
1980). 

In the rete ridges, the Merkel nerve endings have the same structure as in touch 
domes (Iggo and Muir 1969; Halata 1975) or in the rete pegs of glabrous skin (Ha- 
lata 1971). Merkel cells in the thickening of the external root sheath of the hair 
follicle are oval or angular in shape and oriented with a long axis at an acute angle 
to the longitudinal axis of the hair shaft. The nerve endings associated with these 
Merkel cells are found on the internal root sheath aspect of Merkel cells, thus po- 
larized away from the connective tissue compartment of the sinus hair. Between 
Merkel cells and nerve terminals synaptic contacts can be seen. The surface of the 
Merkel cells is enlarged by finger-like cytoplasmic protrusions extending between 
neighbouring keratinocytes or through the glassy membrane into the blood sinus. 
There are various reports in the literature describing structure, development and 
function of sinus hairs in various mammalian species (for review, see Zelena 
1994). However, we are not aware of any systematic study on age-related changes 
of sinus hairs and their innervation. Thus, this is the first report examining Merkel 
nerve endings in rats of different age groups. 
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Materials and Methods 

Rats aged 2 days, 19 days and 30 months were investigated. In each age group 
four animals were killed with an overdose of pentobarbital, the chest was opened 
and glutardialdehyde infused into the left ventricle. Sinus hairs of the upper lip 
were excised and left in the same fixation solution for between several hours and 
2 days. Before postfixation in 1% OSO 4 for 1 h, the tissue was thoroughly washed 

in phosphate buffer solution. Following dehydration the tissue was embedded in 
Epon 812. Four hair follicles were taken from each animal for semithin sections 
and stained according to Laczko and Levai (1975). Selected blocks were trimmed 
for ultrathin sectioning, contrasted according to Reynolds (1963) and examined 
under the electron microscope (Philips 300). 



Results 

2-Day-Old Rats 

The sinus hairs are small (Fig. la) and completely surrounded by a blood sinus 
which is not yet divided into ring sinus and cavernous sinus. The sebaceous gland 
is small and not fully developed. Below is a thickening of the hair follicle contain- 
ing Merkel cells and nerve terminals (Fig. lb). The basal lamina is thinner than in 
fully developed hair follicles. 

Merkel cells are oval or polygonal in shape with their long axis oriented per- 
pendicular to the hair shaft. In the upper and medial parts most Merkel cells make 
close contact with discoid nerve terminals, while some Merkel cells have no nerve 
terminal in their vicinity. In some sections, branching of axons can be seen sup- 
plying several neighboring Merkel cells (Fig. lb). The osmiophilic granules with 
diameters of 600-800 nm could be found in all parts of the cytoplasm with a slight 
concentration in the part facing the nerve terminal. Not all afferent axons are mye- 
linated. In the thickening of the hair follicle epithelium in close vicinity of the 
Merkel cells, mitoses are often observed (Fig. 2a). 

19-Day-Old Rats 

The sinus hairs are larger with clearly visible separation into a ring sinus and 
cavernous sinus. The sebaceous gland is fully developed with more pronounced 
thickening below. The basal lamina is about twice as thick as in the 2-day-old rats. 

The Merkel cells are similar in structure to those in the 2-day-old animals 
(Fig. 2b). All Merkel cells seen by us have contact with nerve terminals. The 
number of granules has increased and they are clearly concentrated towards the 
nerve terminal. Moreover, the discoid nerve terminals are thicker and contain 
more mitochondria. Clear vesicles with diameters of 400-600 nm can be seen in 
the axoplasm, particularly in the part adjacent to the Merkel cell. The afferent ax- 
ons are completely myelinated with diameters around 6 pm. 
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Fig. 1. a Sinus hair of a 2-day-old rat in longitudinal semithin section. The hair follicle 
(F) is embedded in a blood sinus (S) not yet separated into cavernous and ring sinus. The 
bulge region is slightly thicker {arrow) 

b Sinus hair of a 2-day-old rat in longitudinal ultrathin section. Two Merkel cells {M) 
innervated by branched nerve terminals (7) from the bulge region. The dense core granules 
are not yet oriented towards the nerve terminal. The basal lamina {arrow) is relatively thin 



30~Month-Old Rats 

The hair follicles are large and up to 1 mm thick and several mm long. The 
blood sinus consists of a large ring sinus in the upper two thirds and a smaller cav- 
ernous sinus in the lower third mainly surrounding the hair bulb. The thickening 
below the sebaceous gland is well developed forming a conical shape towards the 
surface. The epithelium of the basal layer in the outer root sheath is clearly differ- 
ent from the remaining epithelium: the cytoplasm contains only sparse tonofila- 
ments, the nuclei are oval with their long axes perpendicular to the hair shaft 
(Fig. 3a). The basal lamina (glassy membrane) is about 8 pm thick. The Merkel 
nerve endings are located in the basal layer of the outer root sheath. There are al- 
ways pairs of Merkel cells and nerve terminals (Fig. 3b). The number of mito- 
chondria within the nerve terminals is similar to that of the 19-day-old rats. The 
Merkel cells are oval or triangular with a lobulated nucleus and osmiophilic gran- 
ules, especially in that part of the cytoplasm facing the nerve terminal. Swollen 
mitochondria are often seen which might be the result of slower diffusion of the 
fixative in these larger hair follicles. 
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Fig. 2. a Sinus hair of a 2-day-old rat in longitudinal semithin section. The bulge region 
contains a row of Merkel cells. A mitosis within this row is indicated by arrow, b Sinus 
hair of a 19-day-old rat in longitudinal ultrathin section. Two Merkel cells {M) with associ- 
ated nerve terminals (7) from the bulge region are shown. The dense core granules in the 
cytoplasm of the Merkel cells are mostly close to the nerve terminals. The basal lamina {ar- 
row) is thicker than in b 



Discussion 

Most developmental studies are concerned about the central representation of 
sinus hairs in the somatosensory cortex (barrels; Woolsey and Van der Loos 1970; 
Munger and Rice 1986; Rice and Munger 1986; Rice et al. 1986) or with re- 
innervation after peripheral denervation (Hartschuh and Weihe 1977a, b). Further 
details are reviewed by Zelena (1994). We are not aware of any systematic study 
of the structure of sinus hairs during ageing. The present study demonstrates clear 
differences particularly in the size of the hair follicle and the blood sinus; both in- 
crease with age. This goes together with an increase in the number of Merkel 
nerve ending in the outer root sheath. While in rat and small mammals the number 
of Merkel cells is up to 2,000, it has been shown that in large aquatic mammals 
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Fig. 3. a Sinus hair of a 30-month-old rat in longitudinal ultrathin section. Bulge region 
with several Merkel cells {M). Myelinated axons are marked with A. b. Sinus hair of a 30- 
month-old rat in longitudinal ultrathin section. Higher magnification than in a. Two Merkel 
cells {M) are innervated by branched nerve terminals (7). The basal lamina {B) is thick 
(glassy membrane) 

one sinus hair can have up to 20,000 Merkel nerve endings (Halata 1975; see 
Dehnhardt et al., this Vol.). 

The increase in the number of Merkel cells is reflected in the finding of mitoses 
in the basal layer of the epithelium below the sebaceous gland in 2-day-old rats - 
most likely of Merkel cell precursors. Such mitoses were not seen in older animals 
of 19 days or 30 months. This is in line with the findings of Munger and Rice 
(1986) that the development of Merkel cells and associated nerve endings is not 
complete at birth, but extends into the postnatal age. 

Similar to other species, one axon supplies several Merkel nerve endings (Van 
Horn 1970; Stephens et al. 1973; Halata and Munger 1980). According to Ebara et 
al. (see Ebara et al., this Vol.), one axon supplies up to 200 Merkel cells. These are 
arranged in columns in the rat while in the cat they form patches. Innervation oc- 
curs prenataly and carries on postnataly. Myelination is not completed until some 
time after birth (Zelena 1 994). In the present study, not all Merkel cells of 2-day- 
old rats were innervated. In contrast, in 19-day and 30-month-old rats, all Merkel 
cells had contact with nerve terminals. 

During electron microscopy, there was an obvious increase in the number of 
granules between noninnervated Merkel cells and those in contact with nerve ter- 
minals. While the granules were relatively evenly distributed throughout the cyto- 
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plasm, there was a clear accumulation of the dense core granules towards the 
nerve terminal after the contact had been established. The shape of Merkel cells 
changed slightly from oval in young rats to flattened in older rats. Otherwise the 
ultrastructure of Merkel cells did not show significant changes with age. 
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Summary 

Cutaneous Merkel cells (MCs) have been well documented in humans, but less 
in other mammals. In dogs, there are only a few references about immunohisto- 
chemical characterization of MCs. We present the immunohistochemical profile of 
MCs in the dog for the most reliable antibodies used in human medicine. Tissue 
samples from several locations were obtained from five adult dogs of both sexes 
and different age and breed, fixed in 10% buffered formalin, embedded in paraffin 
wax and cut in 3 -pm tissue sections. The ABC method was used with different 
poly- and monoclonal antibodies. Positive immunoreaction was found in MCs of 
hair follicles, skin and mucosae of several locations in each dog studied for anti- 
cytokeratins 8, 18 and 20, anti-neurofilaments, anti-chromogranin A, anti-neuron- 
specific enolase, and anti-synaptophysin. Immunoreaction was always cytoplas- 
mic with differences in intensity, pattern of intracytoplasmic distribution and reac- 
tion type. Other cytokeratins, anti-SlOO protein, anti-vimentin and anti-glial fibril- 
lary acid protein were absent in canine normal MCs. 



Introduction 

Merkel cells (MCs) are distributed widely in the skin, hair follicles and oral 
mucosae of every vertebrate class (Toyoshima et al. 2000). They are localized at 
the basal layer of the epidermis in skin and of the epithelium in mucosae, showing 
a close relation with nerve endings forming the Merkel cell-neurite complex. Sev- 
eral functions have been proposed for this cellular population, such as slowly 
adapting type I mechanoreceptors (particularly important for the slowly adapting 
response to maintained mechanical stimuli), endocrine cells, stem cells for gusta- 
tory cells in taste buds, or cells inducing outgrowth of nerve fibres (Ogawa 2000). 
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Merkel cells were first described in 1875 by Friedrich Siegmund Merkel in 
mammalian and avian skin using a staining method based in osmium tetroxide 
(Merkel 1875). Nowadays, MCs have been demonstrated in many species by dif- 
ferent procedures, mainly immunohistochemistry and electron microscopy meth- 
ods. Different antibodies have been used for immunohistochemical staining of 
MCs. In dogs, they have been poorly studied and only few reports of their im- 
munophenotype have been reported (Hartschuh et al. 1983, 1984; Cheng Chew 
and Leung 1992, 1993). 

The aim of this study was to determine the immunohistochemical profile of 
Merkel cells in the dog, using the most used commercial antibodies reported in the 
literature to characterize these cells. 



Materials and Methods 

Tissue specimens were obtained from five dogs of different breeds (boxer, 
mixed-breed dog, two poodles and cocker spaniel), ages (between 2 and 4 years) 
and both sexes (two males and three females). Samples were taken from several 
skin locations and from oral, nasal, ocular, anal and genital mucosae. They were 
fixed in 10% buffered formalin for 24 h, embedded in paraffin and cut into 3 -pm 
sections. The different sections were deparaffmed, rehydrated in graded alcohols, 
and incubated with 3% hydrogen peroxidase in methanol for 30 min to block en- 
dogenous peroxidase activity. Antigen retrieval treatments and times are shown in 
Table 1. The slides were covered with 10% normal goat serum in PBS for mono- 
clonal antibodies and in 10% normal swine serum for polyclonal antibodies for 
30 min before incubation with the primary antibodies (Table 1) for 18 h at 4 °C. 
The avidin-biotin peroxidase complex (ABC) method was applied (Vector Labo- 
ratories, Burlingame, CA) and the chromogen used was 3-amino-9-ethyl- 
carbazole. The slides were counterstained with Mayer's hematoxylin. 

The immunostainings were evaluated separately and results were based upon 
the consensus of at least two observers. The intensity of the immunoreaction was 
evaluated on a three-point scale (Iz: weak, 2z: moderate, 3z: intense). 



Results 

Different patterns of immunoreactivity and reaction intensity observed are 
shown in Table 1. The immunoreaction was always located in the cellular cyto- 
plasm, although every antibody presented characteristic proprieties. 
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Fig. 1. Dog. Vibrissae. Cytokeratin 20 antibody staining reaction homogeneously dis- 
tributed within the cytoplasm of a group of Merkel cells. ABC method; AEC chromogen; 
Mayer's hematoxylin counterstaining, xlOOO 




Fig. 2. Dog. Tylotrich hair follicle. Neurofilaments antibody staining reaction homoge- 
neously distributed within the cytoplasm of Merkel cells. ABC method; AEC chromogen; 
Mayer's hematoxylin counterstaining, xlOOO 






Antibodies Type Specificity Epitope Time Dilution Reaction Immunoreactive patterns 

retrieval (min.) intensity 




Reaction intensity: Iz: weak; 2z: moderate; 3z: intense. 
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All skin, follicular and mucosal MCs reacted with the anti-cytokeratin (CK) 20 
monoclonal antibody. The immunoreaction was distributed homogeneously 
through the cell cytoplasm (Fig. 1), although a granular positive reaction and 
membrane reinforcement were occasionally seen. Intensity of the immunostaining 
was 3/ in the vast majority of the slides evaluated. With anti-CKs 8 and 18 mono- 
clonal antibody, the immunoreaction was positive for all MC types as well, always 
showing an homogeneous cytoplasmic pattern with a 3 /-reaction intensity. 

The anti-NSE monoclonal antibody showed an intense granular positive reac- 
tion (3i) in all MC types distributed in the whole cytoplasm. There was a differ- 
ence in intensity for the anti-NF monoclonal antibody. Whereas follicular MCs 
showed an intense homogeneous cytoplasmatic positive reaction (3i; Fig. 2), skin 
and mucosal MCs appeared with a weak reaction (1/). The immunoreaction pat- 
terns observed with both anti-CgA polyclonal antibody and anti-synaptophysin 
monoclonal antibody were interesting. Whereas with the former the reaction was 
located in the basal part of the cytoplasm next to the neurite, with the latter the re- 
action was present in the opposite cellular portion. The intensities of immunostain- 
ing were 3/ for CgA and 2i for synaptophysin. Occasionally, CgA reaction was 
distributed in the entire cytoplasm. 

Anti-vimentin, anti-keratins, anti-GFAP and anti-S-100 protein polyclonal anti- 
bodies and anti-CKs 5 and 8 monoclonal antibodies did not show any reaction in 
MCs. 



Discussion 

The immunohistochemical profile of MCs has been widely studied in humans 
and in some animals. Many reports about immunoreactions against intermediate 
filaments, peptides and other substances have been described. In dogs, we have 
found only a few references of immunohistochemical demonstrations of vasoac- 
tive intestinal polypeptide (VIP; Hartschuh et al. 1983, 1984), calcitonin gene- 
related peptide (CGRP; Cheng Chew and Leung 1993) and met- and leu- 
enkephalin (Cheng Chew and Leung 1992). 

Cytokeratin 20 (CK20) is a specific marker of cutaneous Merkel cells (Moll et 
al. 1995). It has been successfully demonstrated in mouse skin (Moll et al. 1996) 
and in rodent oral mucosae (Tachibana et al. 1997). We found CK20 in skin, mu- 
cosae and hair follicular MCs in the dog showing more similar characteristics than 
previous reports. An intense immunostaining was also obtained with anti-CKs 8 
and 18 antibodies at the same locations. Neuron-specific enolase (NSE) has been 
reported to be present in MCs of nose of cats and rats in a low proportion (1 out of 
20 or 30; Gu et al. 1981). In our study, NSE was demonstrated in almost all loca- 
tions with a very intense immunoreaction. Human MCs also contain neurofila- 
ments (NF; Narisawa et al. 1994), although they have not been found in lip skin of 
rabbits (Saurat et al. 1984) and other mammals. In dogs, NF was widely present in 
MCs of vibrissae and the immunoreaction was diffuse within the entire cytoplasm 
of the cells. The immunoreaction in haired skin and mucosal was slighter. 
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The immunoreaction against chromogranin A and synaptophysin showed a very 
particular pattern in the cell cytoplasm. While the immunoreaction obtained with 
anti-chromogranin A antibody was located in the basal part of the cytoplasm next 
to the neurite, the synaptophysin immunostaining was observed in the opposite 
cellular portion. These patterns accord with the ultrastructural distribution of elec- 
tron-dense granules and small clear-content vesicles, respectively (Garcia Cabal- 
lero et al. 1989; Hartschuh et al. 1989) This fact suggests that secretory electron- 
dense core granules and small clear vesicles could be involved in two different 
secretory pathways of canine MCs, as has been suggested in MCs of pig-snout 
skin (Garcia Caballero et al. 1989) and has been demonstrated in neurons 
(Lundberg and Hokfelt 1983). These results demonstrate that commercial mono- 
clonal and polyclonal antibodies used in humans and other mammals can also be 
employed in the immunocharacterization of Merkel cells in the dog, and the reac- 
tions observed with these antibodies are similar to those previously described in 
other species. 
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Summary 

Merkel cells in the skin and the nearby mucous membranes have been well 
studied. However, there are still very few data concerning neuroendocrine and 
Merkel cells in the esophagus. In the present study, we extended these investiga- 
tions to a larger group of post-mortem whole esophagus specimens. Twenty-five 
specimens of adult and 25 specimens of fetal esophagus were studied using im- 
munohistochemistry. For evaluation of the immunoprofile and innervation of the 
Merkel cells, various antibodies were used (against cytokeratins 18, 19, 20, chro- 
mogranin A, NSE, synaptophysin, serotonin, neurofilament). For evaluating the 
distribution of the Merkel cells, antibodies against cytokeratin 20 were decisive. 
Merkel cells could be detected in 80% of the adult and 68% of the fetal specimens. 
The number of Merkel cells varied markedly from case to case, reflecting a great 
interindividual variation. On average, there were 2.2 Merkel cells/cm esophageal 
mucosa in the adult and 1 .2 Merkel cells/cm in the fetal specimen. The adult eso- 
phageal Merkel cells occurred as single cells located in the lower parts of the 
epithelial layer. Most of these Merkel cells did not possess long dendrites. No 
stromal Merkel cells were detected. Fetal Merkel cells first occurred in the 13th 
week of gestation. They were often arranged in small clusters, bearing long den- 
drites and being also located in the upper and uppermost layers of the epithelium. 
A few stromal fetal Merkel cells were apparent first occurring in the 20th week. 
The immunoprofile of the Merkel cells was comparable to that of Merkel cells in 
the human skin. No innervation of the Merkel cells could be detected. Our study 
supports the fact that Merkel cells exist in the human esophagus. For the first time 
we were able to document fetal esophageal Merkel cells. A marked interindividual 
variation in the distribution, and moreover, the sole presence of Merkel cells were 
striking, provoking some speculation concerning the function of human esophag- 
eal Merkel cells, especially as no innervated Merkel cells were found. Further 
studies on various animals may be helpful to answer the question of whether hu- 
man esophageal Merkel cells perhaps are a phylogenetic rudiment. 
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Introduction 

Merkel cells have been detected in the skin of many species (Hartschuh et al. 
1986; Tachibana 1995) and also in the various mucous membranes near to the 
skin, which altogether have a multi-layered noncomifying epithelium (Fetisoff et 
al. 1990; Tachibana 1995; Hilliges et al. 1996). Moreover, the esophagus bears a 
multi-layered noncomifying epithelium. However, up to now, there are only two 
reports which describe neuroendocrine cells and Merkel cells in the unaltered 
squamous epithelium of the esophagus (Tateishi et al. 1974; Harmse et al. 1999). 
In our present study, we tried to resolve some questions concerning esophageal 
Merkel cells still not worked on in the above-mentioned studies. First, we chose a 
greater number of esophageal specimens, especially of fetal ones. This was be- 
cause Merkel cells have not been found in fetal esophagi so far (Harmse et al. 
1999; Botta et al. 2001). However, they are very numerous in human fetal skin, 
and therefore it would be very difficult to accept the neuroendocrine cells of the 
human esophagus as Merkel cells if they did not occur in fetal life. Second, we 
looked for innervation of the esophageal Merkel cells. Third, we applied several 
antibodies known to react with Merkel cells, but hitherto untested in esophageal 
Merkel cells. Fourth, we counted the Merkel cells per length of esophageal epithe- 
lium in order to enable a comparison with the known Merkel cell density in the 
skin. 



Materials and Methods 

Twenty-five postmortem adult esophageal whole specimens (mean age 
66 years) and 25 fetal esophageal specimens from various weeks of gestation were 
investigated. We only took specimens free of postmortem autolytic changes. The 
adult specimens were divided into 1 5 probes from top to bottom. 

The following monoclonal antibodies were used: monoclonal antibody (mAb) 
DC 10 (Dako) against human cytokeratin (CK)18, mAb RCK 108 (Dako) against 
CK 19, mAb Ks 20.8 (Dako) against CK 20, LK2 HIO (Linaris) directed against 
human chromogranin A, DP 12.10, DP 43.16, DP 5.1.12 (Linaris) directed against 
human neurofilaments of 210, 160 and 70 kDa, mAb MiG-N3 (Linaris) directed 
against neuron-specific enolase, mAb Z 031 1 (Dako) directed against S 100, mAb 
5HT-H209 (Dako) directed against serotonin, mAb Snp88 (BioGenex) directed 
against synaptophysin. 

We performed immunohistochemistry using the streptavidin-biotin-peroxidase 
complex technique (Hsu et al. 1981). Antibodies against CK 20 were decisive to 
us for the identification of the Merkel cells (Moll et al. 1995). The adjacent car- 
diac mucosa of the stomach and also esophageal glands served as internal controls 
of our immunoreactions, as both structures express CK 20 (Moll et al. 1995; 
Schulz, unpubl. data). Double immunohistochemistry (Hsu and Soban 1982) was 
used to study innervation of the Merkel cells, using anti-CK 20 for labeling the 
Merkel cells and anti-neurofllament or anti-synaptophysin to visualize nerves. 
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Morphometrical analysis: Merkel cells were counted per length of epithelium, 
using digitized morphometry. Only CK20-positive cells containing the nucleus 
were counted, whereas cytoplasmic processes were not evaluated. The measure- 
ments were analysed using the Wilcoxon signed rank test for dependent data. 



Results 



Adult Specimens 

We could detect evenly distributed intraepithelial Merkel cells in all parts of the 
esophagi. There was no statistically significant difference in the Merkel cell den- 
sity from hypopharynx to cardia. However, there was a great interindividual varia- 
tion in the density of Merkel cells. Twenty percent of the esophagus specimens did 
not contain any Merkel cells, whereas other specimens showed a considerable 
amount of Merkel cells. The average density of Merkel cells in the esophageal epi- 
thelium was 2.2 per cm, which is comparable to that of human adult epidermis re- 
gions without special touch properties (Moll et al. 1990). 

The Merkel cells were mainly located as single cells lying in basal portions at 
the tips of the epithelial relief (Fig. 1). Only very sporadically did clustering of 
Merkel cells occur. The Merkel cells mostly were of a roundish shape (Fig. 2). No 
subepithelial Merkel cells could be detected. Innervation of the Merkel cells also 
could not be detected in double immunohistochemistry. 

Concerning the immunoprofile of the Merkel cells, the best reactions, like in 
the skin, occurred with antibodies against CK 20. The other anti-CKs also showed 
positive reactions, albeit markedly weaker (not shown). Further positive reactions 
were obtained with anti- synaptopy sin and anti-chromogranin A (not shown). The 
other antibodies tested remained negative. 



Fetal Specimens 

In contrast to the two above-mentioned reports (Harms et al. 1999; Botta et al. 
2001), we were able to detect Merkel cells in fetal esophagus. Moreover, a marked 
interindividual variation in the number of Merkel cells was observable. Thirty-two 
percent of the fetal esophagi were totally devoid of Merkel cells. In general, the 
average density of Merkel cells was 1 .2 Merkel cells per cm epithelium and there- 
fore, lower than in the adult specimen. Merkel cells were first detectable in the 
13th week of gestation (Fig. 3a). Some noticeable differences existed between fe- 
tal and adult esophageal Merkel cells: subepithelial Merkel cells, albeit very rare, 
could be found only in fetal specimens (Fig. 3b). They first occurred in the 20^^ 
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Fig. 1. Adult esophagus. Scattered roundish Merkel cells at the tips of the epithelial 
basal cell layer (CK 20 immunohistochemistry) 




Fig. 2. Adult esophagus. Some grouped, mostly roundish Merkel cells. One Merkel cell 
has a clearly discernible dendrite (CK 20 immunohistochemistry) 
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Fig. 3. a Fetal esophagus, 13th week. A single roundish Merkel cell at the surface of the 
still partially ciliated esophageal epithelium (CK 20 immunohistochemistry).b Fetal 
esophagus, 20th week. A single oval Merkel cell without dendrites situated in the subepi- 
thelial stroma (CK 20 immunohistochemistry) 

week of gestation. In the fetal esophagi the epithelial Merkel cells were often ar- 
ranged in small clusters (Fig. 4). In addition, the epithelial Merkel cells often pos- 
sessed long dendrites, also well known in epidermal fetal Merkel cells (Fig. 5). Fi- 
nally, the epithelial Merkel cells were often situated in the upper and even 
uppermost parts of the epithelium. This characteristic feature was especially strik- 
ing in the esophagi of younger fetuses (see Fig. 3a). With advancing gestational 
age, the Merkel cells were located more and more in the lower parts of the epithe- 
lium (see Figs. 4, 5). 



Discussion 

The neuroendocrine cells in the esophagus demonstrated in our present study 
have many features in common with the neuroendocrine cells of the skin known as 
Merkel cells: 

they have a comparable immunoprofile 

they are in a comparable location as single cells lying in the basal layers 
of the epithelium 

they have a comparable density in the epithelium 
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they both occur in fetal life 

they both occur in the subepithelial location especially in fetal life 
they both have long cytoplasmic dendrites especially in fetal life 
The main question is whether these cells can be considered as Merkel cells, or 
if they must be subsumed simply under the various neuroendocrine cells of the 
gastrointestinal tract. Neuroendocrine cells of the several parts of the gastrointes- 
tinal tract are well known after all (Falkmer and Wilander 1995). Harmse and co- 
workers also investigated the esophageal probes in electron microscopy (Harmse 
et al. 1999). They found all the characteristic features of the Merkel cells. More- 
over, the neuroendocrine cells of several parts of the gastrointestinal tract have 
been characterized in detail in electron microscopy. They have a different appear- 
ance and none of them is comparable in electron microscopy to the Merkel cell. 
Above all, they have different granules and they do not have desmosomes (Kaduk 
and Barth 1978; Falkmer and Wilander 1995). Therefore, it can be stated that on 
the electron microscopic level, the neuroendocrine cells of the esophagus have 
more in common with the Merkel cells of the skin than with the neuroendocrine 
cells of the remaining gastrointestinal tract. 

Another reservation in accepting the neuroedocrine cells of the esophagus as 
Merkel cells could be that the esophagus is of endodermal derivation, whereas the 
skin is ectoderm. However, Merkel cells in an organ of endodermal location have 
already been described, namely in the tongue (Lacour et al. 1991). Therefore, the 
endodermal derivation of the esophagus cannot now be passed as an argument 
against the acceptance of esophageal Merkel cells. 

In an important contrast to the Merkel cells of the skin, we never detected in- 
nervated Merkel cells in the esophagus. Interestingly, we found a great interindi- 
vidual variation in the amount of esophageal Merkel cells. Often we could not de- 
tect any Merkel cells in the whole esophagus, whereas other specimens had a 
considerable amount of them. This observation raises some questions concerning 
the function of the esophageal Merkel cell. It can be assumed that the esophageal 
Merkel cells, like those in the skin, have neuroendocrine functions because they 
are likewise immunoreactive to neuroendocrine substances. However, these func- 
tions may not be essential, and Merkel cells in the esophagus possibly are a phy- 
logenetic rudiment which in some humans does not exist any more. Therefore, it is 
tempting to speculate if the esophagus in lower mammals and other vertebrates 
has some special sensoric properties which are no longer expressed in men, and if 
in conjunction with these properties, the esophageal Merkel cells diminished, and 
therefore, do not show innervation any more. Consequently, future studies should 
look for Merkel cells and their possible innervation in various species. 
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Fig. 4. Fetal esophagus, 26th week. A small cluster of dendritic Merkel cells in the mid- 
portion of the epithelium (CK 20 immunohistochemistry) 




Fig. 5. Fetal esophagus, 28th week. An intensely stained Merkel cell with two very long 
dendrites on the right and a weaker stained Merkel cell with one long dendrite on the left in 
mid- and lower portions of the epithelium (CK 20 immunohistochemistry) 
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Summary 

Orexins (A and B) were first demonstrated in neurons of the lateral hypothala- 
mus, both peptides derived from a common precursor called prepro-orexin. Orex- 
ins act through previously orphan G-protein receptors named orexin receptor 1 
(OxlR) and orexin receptor 2 (Ox2R). Up to the present, various neuropeptides 
have been detected in neuroendocrine cells of the skin (Merkel cells). The aim of 
our study was to investigate the presence of orexin receptors and prepro-orexins in 
Merkel cells. Immunohistochemical techniques were performed to detect prepro- 
orexin and orexin receptors (OxlR and Ox2R) in human and porcine Merkel cells. 
Prepro-orexin was expressed in the cytoplasm of Merkel cells of pig snout skin 
and human fingertip. Immunoreactivity for prepro-orexin was more intense in the 
mature side of the Merkel cell. Epidermal nerve terminals associated with Merkel 
cells and dermal nerve fibers showed no immunostaining. Orexin receptors were 
also demonstrated in the Merkel cells of pig snout skin. Further studies must be 
followed to ascertain the role that orexins play in cutaneous neuroendocrine cells. 



Introduction 

Orexins (A and B) are peptides of different molecular weight discovered in the 
hypothalamus that arise by proteolysis from a 130-amino-acid common precursor 
called prepro-orexin (De Lecea et al. 1998). Orexins have been fundamentally de- 
scribed in cells from the lateral hypothalamus, also in dorsal and perifomical areas 
(Elias et al. 1998; Peyron et al. 1998) and both central and lateral medullar areas 
(Van den Pol 1999). Orexins have until now been involved in modulation of food 
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intake (Sakurai 2002), macrophage function (Ichinose et al. 1998), stimulation of 
gastric acid secretion (Takahashi et al. 1999) and regulation of blood pressure, 
body temperature, neuroendocrine system and the sleep- wake cycle (Van den Pol 
et al. 1998; Date et al. 1999; Taheri et al. 2002). Merkel cells are neuroendocrine 
cells located in the basal layer of the epidermis and epithelium of oral mucosa as 
well as in the external root sheath of hair follicles (Beiras et al. 1987). Merkel 
cells express different neuropeptides, as shown by immunohistochemical studies 
as revised by Tachibana (Tachibana 1995). Other immunohistochemical studies 
have shown that Merkel cells can express polypeptides (Moll et al. 1984; Saurat et 
al. 1984); desmosomal proteins (Ortonne and Darmon 1985) and neuroendocrine 
markers such as neuron-specific enolase (Gu et al. 1981; Zaccone 1986); chromo- 
granin A (Ness et al. 1987) or synaptophysin (Ortonne et al. 1988). 

The aim of the present study was to investigate the presence of 0x1 r and Ox2r 
in human and porcine neuroendocrine (Merkel) cells as well as to investigate the 
occurrence of its common precursor prepro-orexin. 



Materials and Methods 

Tissue specimens from pigs (snout) and humans (fingertips, lip) were immer- 
sion-fixed in Bouin’s fluid for 2 h, dehydrated with a graded ethanol series and 
embedded in paraffin. Sections 5 pm thick were cut perpendicularly to the cutane- 
ous surface, mounted on 3-aminopropyl-triethoxilane-coated slides and dried 
overnight at 37 °C. Immunohistochemical studies were performed after deparaffi- 
nation and surrounding of the sections by Sigmacote (Sigma, St Louis, USA) with 
the help of rabbit polyclonal antisera, anti-prepro-orexin, anti-OxlR and anti- 
Ox2R (Alpha Diagnostic, San Antonio, USA). 

Antigen retrieval was carried out by means of pressure cooker unmasking for 
2 min in 0.01 M sodium citrate buffer, pH 6.0. The streptavidin-biotin complex 
(SABC) was employed as immunohistochemical staining procedure with diami- 
nobenzidine (DAB, Merck) being used as chromogen. Controls for specificity of 
the immunohistochemistry were performed including: (1) incubation with the pri- 
mary antibodies previously preadsorbed with immunogen peptides, i.e., Prepro- 
orexin, OxlR and Ox2R (Alpha Diagnostics) 10 nmol/ml, overnight at 4 °C; (2) 
replacement of one of the solutions of the previous steps with PBS. 



Results 

Merkel cells were located in pig snout skin and human fingertip epidermis with 
the help of SNE and semithin sections (Fig. 1). Pig snout skin and human epider- 
mis were employed as controls of the immunohistochemical techniques. No im- 
munostaining was found for prepro-orexin, OxlR and Ox2R when any of the steps 
were omitted or when PBS was substituted for the antisera. 
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Fig. 1. Distribution of Merkel cells in pig snout skin (A) and in human epidermis (B). 
Semithin sections xlOO 




Fig. 2. Positive reaction for prepro-orexin in pig and human epidermis: A pig snout skin, 
B vibrissae, C human epidermis. Immunoreactivity is primarily localized in the mature side 
of the Merkel cells (x60) 




Fig. 3. OxlR (A) and Ox2R (B) immunoreactivity is primarily observed in the superfi- 
cial side of Merkel cells (x60). C Negative control (x20 Dic-Nomarsky) 

Similar positive immunoreactivity was found for prepro-orexin both in human 
and porcine tissues (Fig. 2). Virtually all Merkel cells expressed primarily prepro- 
orexin, other epidermal cells being negative. Expression of prepro-orexin was 
more intense in the dermal side of the epidermal cells. In the vibrissae, Merkel 
cells positive for prepro-orexin were located in the outer layer of the external root 
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sheath. Nuclei and epidermal nerve terminals associated with Merkel cells showed 
no positive reaction. 

Positive immunoreactivity was found for OxR in porcine tissues. Immunostain- 
ing for both receptors was more intense in the superficial side of the cytoplasm of 
the cells (Fig. 3). Basal and lateral cytoplasmatic areas were also positive with 
weaker immunoreactivity. A positive reaction was found in the supranuclear area, 
where the synthesis and coating of neuroendocrine granules takes place. Perpen- 
dicular sections of superficial dermis that present this group of nerves showed a 
positive reaction to both receptors, being more intense in the case of Ox2R. 



Discussion 

Orexins are synthesized in neurons of the lateral and posterior hypothalamus 
and have a central role in feeding regulation. However, the demonstration of 
orexin nerve fibers projecting to the brain suggests a complex role of these pep- 
tides in autonomic and neuroendocrine control (Ichinose et al. 1998; Peyron et al. 
1998; Van den Pol et al. 1998; Date et al. 1999). OxR and prepro-orexin have 
been also described in several neuroendocrine tissues and cells, e.g., adrenocorti- 
cal cells (Mazzochi et al. 2001), human pituitary (Blanco et al. 2001), adrenal me- 
dulla (Lopez et al. 1999) or generally for prepro-orexin in different tissues (Johren 
et al. 2001). 

This study describes for the first time the presence of orexin receptors and pre- 
pro-orexin, their common precursor in neuroendocrine Merkel cells. As reported 
in the results, immunoreactivity for prepro-orexin was shown in the dermal side of 
the epidermal cells, forming clusters at the base of the epidermis rete ridges while 
appearing on the outer layer of the external root sheath in the vibrissae. A positive 
response to OxR was found in the superficial side of the cytoplasm of the cells for 
both receptors. 

Van den Pol (Van den Pol et al. 1998) related orexins to sensitivity regulation, 
especially in tactile and pain signaling, which is one of the main functions attrib- 
uted to Merkel cells in the literature. Orexin receptors are also expressed in hair 
follicles and sweat glands and may have a relation to the autonomic regulative 
system. 
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Summary 

Merkel cells and Langerhans cells share some similar characteristics such as the 
localization in hair follicles, close association with peripheral nerves and the local- 
ization of several neuropeptides. We found that Merkel cells and Langerhans cells 
were in contact with each other in the bulge area of human hair follicles under 
normal physiological conditions. This spatial relationship could imply that Merkel 
cells and Langerhans cells have a functional linkage within the specific site when 
stem cells are present or immature Langerhans cells are harbored. Merkel cells 
communicating with Langerhans cells in human hair follicles and Langerhans 
cells residing within the bulge should be considered. One explanation is that 
Merkel cells may support Langerhans cells that migrate into the basal layer of the 
bulge and then settle into this microenvironment. These mature or immature 
Langerhans cells, which are inhibited from circulating from the bulge to other re- 
gions, including lymph nodes and epidermis, may play some role in cross talk 
among stem cells, Merkel cells and/or peripheral nerves. 



introduction 

Langerhans cells were first described in 1868 by Paul Langerhans, a German 
pathologist, and are dendritic cells principally situated in the epidermis. It was es- 
tablished by means of in vitro and in vivo experiments that these cells are bone 
marrow-derived leukocytes (Hosoi et al. 1993; Moresi and Horn 1997), which act 
as antigen-presenting cells, playing a key role in immune function (Merkel 1875; 
Narisawa et al. 1993, 1994). In recent years, Langerhans cells have been shown to 
express many neuropeptide receptors, and are closely connected with nerve fibers 
(Garcia-Cabellero et al. 1989). Langerhans cells belong to the neuroimmunocuta- 
neous system (NICS; Tachibana et al. 1997). 
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Cutaneous neuromediators are synthesized by nerve fibers and Merkel cells and 
also Langerhans cells, keratinoc 3 ^es, melanocytes and all immune cells (Tachi- 
bana et al. 1997). Merkel cells and Langerhans cells are generally considered to be 
independent from one another. Merkel cells and Langerhans cells share some 
similar characteristics such as the localization in the hair follicle, close association 
with peripheral nerves and the localization of several neuropeptides. We found an 
anatomic relationship between Merkel cells and Langerhans cells in the bulge area 
of human hair follicles. We will attempt to interpret the new finding that Merkel 
cells and Langerhans cells contact each other in the bulge area of human hair folli- 
cles under normal physiological conditions and consider the nature of Merkel 
cells. 



Materials and Methods 

Tissue. Normal scalp skin was embedded in paraffin and 8-pm serial transverse 
sections (200 sections) were prepared. 

Preparation of Vellus Hair Follicles. The epidermal sheets with attached vel- 
lus hair follicles were prepared with EDTA. Hair follicles were observed three- 
dimensionally under a light microscope in the wet whole mount preparation. 

Immunohistochemistry of Whole Mount Vellus Hair. The epidermal sheets 
were immunostained with monoclonal murine antibody CD la (Novo Castra) as a 
marker for Langerhans cell and CAMS. 2 (Beckton Dickinson) or CK20 (Progen) 
for Merkel cells. 

Double Immunoperoxidase Staining. Serial transverse sections were immu- 
nostained using avidin-biotin-peroxidase complex (Vector Kit, Vector Laborato- 
ries, Burlingame, CA). A double immunoenzyme staining method with peroxidase 
(for cow S-100 protein) and alkaline phosphatase (for keratin) as labels was per- 
formed to study the topographical relationship between Langerhans cells and 
Merkel cells within the hair follicles, as previously described by us (Gu et al. 
1981). Transverse sections were also stained with CD la. 

Double Immunofluorescence Labeling.The epidermal sheets were immu- 
nostained with monoclonal murine antibody CD la as a marker for Langerhans 
cells, followed by goat anti-mouse immunoglobulin conjugated to FITC and then 
incubated with monoclonal murine antibody CK20 as a marker for Merkel cells, 
the secondary fluorescent-conjugated antibody was rhodamine-conjugated TRITC 
for CK20 labeling. 

Morphometric Analysis. For numerical analyses of the relationship between 
Merkel cells and Langerhans cells, we used 8-pm serial transverse paraffmized 
sections (200 sections) of scalp skin. The numbers of ir-Merkel cells and Langer- 
hans cells were counted. Merkel cells were registered when the nucleus-containing 
cell body was visible on the micrographs, but not when only fine cell processes or 
partial cross sections were included in the sections. On the other hand, the variably 
shaped cell bodies and dendrites of Langerhans cells were counted. 
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Results 

Localization of Merkel Cells and Langerhans Cells in Hair Follicles 

Transverse Sections, Merkel cells were preferentially situated in the outermost 
cell layer of the outer root sheath at the sebaceous gland level. On the other hand, 
Langerhans cells showing long dendritic processes were situated not only in the 
suprabasal layer, but also within the outermost cell layer of the outer root sheath, 
which is apparently different from the distribution pattern of the epidermis 

(Fig. 1). 

Three-Dimensions. In the facial vellus hair follicles, Merkel cells were prefer- 
entially located within the enlarged portion below the sebaceous gland, which in- 
dicated the bulge area. 

Langerhans cells were distributed in the facial vellus hair follicles. They were 
localized not only within the infundibulum, but also in the widened portion, pre- 
sumably indicating the bulge. 

Spatial Relationship Between Merkel Cells and Langerhans Cells Within 
the Human Hair Follicles 

Transverse Sections. The double immunoenzyme technique using S-100 pro- 
tein and CD la antibodies on the transverse sections confirmed that S-100 protein- 
reactive follicular epithelial cells are indeed Langerhans cells, but not melano- 
cytes. 

At the sebaceous gland level of terminal hair follicles, several Merkel cells 
were in close contact with Langerhans cells on the outermost cell layer of the 
outer root sheath. Their relations were no contact with each cell body (Fig 2a) or 
direct contact (Fig. 2b), Merkel cell engulfed by Langerhans cell (Fig. 2c) and 
touching with each dendrite (Fig. 2d). There were numerous Langerhans cells 
without any association to Merkel cells in the outermost cell layer of the outer root 
sheath. 

Three-Dimensions, Langerhans cells were widely distributed in vellus hair fol- 
licles, while Merkel cells were localized within the mid-portion of vellus hair fol- 
licles, presumably indicating the bulge area. In the bulge areas of vellus hair folli- 
cles, two different rendering approaches were visualized. Merkel cells and 
Langerhans cells were occasionally connected by cell bodies and branches. 

Morphometric Data 

The spatial relationship between Merkel cells and Langerhans cells was quanti- 
tatively shown. On Merkel cells, there was direct contact in 11/145 cells (7.6%), 
and 29/145 cells (20.0%) within one cell interval per two cells. 
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Fig. 1. Transverse section of human scalp skin. The localization of Langerhans cells in 
normal human skin. Langerhans cells showing variable dendritic processes are situated not 
only in the suprabasal layer, but also in the basal layer {arrows) of the outer root sheath. 
Paraffmized sections stained with CD la (DAB); xlOO 




Fig. 2a-d. Transverse sections of normal human scalp skin. The special relationship be- 
tween CAMS. 2 -reactive Merkel cells {arrows) and S-100 protein-reactive Langerhans cells 
is clearly shown in two dimensions. Note the variations such as a Merkel cell free from a 
Langerhans cell (a), direct contact (b), Merkel cell engulfed by Langerhans cell with long 
dendrites (c) and touching each dendrite (d). CAMS. 2/alkaline phosphatase/Fast red for 
Merkel cell. S-100 protein/peroxidase/diaminobenzidine for Langerhans cell, a, b x200 and 
c, d x300 
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Discussion 

Follicular stem cells reside within the bulge where they are interpreted to be an 
anatomical landmark of the attachment site of the arrector pili muscles (Hartschuh 
et al. 1989). Recently, the bulge area of the human hair follicle has attracted atten- 
tion. The bulge area was composed of both resident and circulating cells. Since we 
were highly interested in the bulge, we investigated the bulge of human hair folli- 
cles with immunohistochemistry and the scanning electron microscope and then 
described several new findings. 

The close relationship between nerve fibers and Merkel cells has been demon- 
strated with electron microscope and immunolabeling techniques. Merkel cells can 
be divided into two groups: innervated and noninnervated cells (Karanth et al. 
1991). The functional significance of Merkel cells expressing several kinds of 
neuropeptides is still unknown. We consider that Merkel cells may be composed 
of functional heterogeneous subpopulations. 

However, the localization of epidermal Langerhans cells principally in the su- 
prabasal layer is anticipated to play a role in capturing antigens. Langerhans cells 
have been documented in the follicular epithelium by Breathnach (Thomas et al. 
1984) and Jimbow et al. (Staniek et al. 1996). The immunology of the hair follicle 
remains biologically intriguing. The anagen proximal hair follicle constitutes an 
area of immune privilege within the hair follicle immune system (Torii et al. 
1997). The mechanism by which contact hypersensitivity is induced most effec- 
tively in the skin with telogen hair follicles is poorly understood, but it is not sim- 
ply due to failure of Langerhans cell function or sensitization of T cells (Christoph 
et al. 2000). This suggests that hair follicle cycling influenced skin immunity. 

The most prominent cells located in or around the hair follicle are Langerhans 
cells, CD4+ or CD8+ T cells, macrophages and mast cells (Christoph et al. 2000). 
Gilliam et al. (1998) have recently reported the fascinating observation that the 
distal outer root sheath of human hair follicle harbors a special, rather immature 
Langerhans cell population. The cell has no desmosomes attaching it to adjacent 
cells. 

In the present study, it was demonstrated that Merkel cells and Langerhans cells 
preferentially resided within the bulge areas of human hair follicles and directly 
connected or approached each dendrite. Whether follicular Merkel cells and/or 
Langerhans cells are associated with peripheral nerves will require further investi- 
gation. Nevertheless, this spatial relationship could imply that Merkel cells and 
Langerhans cells have a functional linkage within the specific site where stem 
cells are present or immature Langerhans cells are harbored. 

The preferential localization of Langerhans cells within the basal layer of the 
bulge area is implicated to assume another function besides cutaneous immune re- 
sponse. Bone marrow-derived Langerhans cells migrate into skin appendages and 
subsequently participate in the cutaneous immune response circulating between 
skin and lymph nodes. The mechanism that circulating Langerhans cells arrive and 
collect in specific anatomical sites has not been discussed in detail. Since the 
bulge area is far from the overlying epidermis and the opening of the hair canal. 
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the explanation that Langerhans cells resided within the bulge to trap, process and 
present antigens in the skin immune system is not easily accepted. Moreover, 
some Langerhans cells of the bulge area are situated in the basal layer different 
from the epidermis. One explanation is that Merkel cells may support Langerhans 
cells migrating into the basal layer and then settling into this microenvironment of 
the bulge area. These mature or immature Langerhans cells, which are inhibited 
from circulating from the bulge area to other regions including lymph nodes and 
epidermis, may play some role in cross talk among stem cells, Merkel cells and 
peripheral nerves. Although our explanation lacks evidence, similar functions 
have been suggested in the induction and rearrangement of peripheral nerves and 
arrector pili muscles in human fetal and postnatal skin. Further analysis of various 
surface molecule receptors for certain cytokines, various integrins and adhesion 
molecules is necessary to verify a functional heterogeneity of Langerhans cells lo- 
cating within the bulge. 

Our results demonstrated cell-to-cell contacts between Merkel cells and 
Langerhans cells in human hair follicles, although the functional importance re- 
mains unknown. In Merkel cell biology, Merkel cells communicating with 
Langerhans cells in human hair follicles should be considered. Moreover, the 
functional significance of Langerhans cells, especially in the basal layer of the 
bulge area, should be discussed in relation to the immunity and biology of hair fol- 
licles. 
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Summary 

Exploitation of the murine pelage hair follicle as a model system that allows 
one to dissect and experimentally manipulate cutaneous neurobiology has gener- 
ated a plethora of new insights into the roles of neuropeptides and neurotransmit- 
ters in the growth control of epithelial appendages in situ. Cross talk between 
epithelial-mesenchymal and neuronal cutaneous elements begins with the first de- 
velopment of skin and skin appendages. Development of cutaneous innervation of 
murine back skin hair follicles follows a strictly regulated spatio-temporal pattern. 
Cutaneous neural networks contain, e.g., neuropeptides such as calcitonin gene- 
related peptide (CGRP) and substance P (SP) in distinct distribution patterns. 
Compared to nontylotrich pelage hair follicles, tylotrich pelage hair follicles re- 
ceive denser innervation and develop a lateral disc consisting of Merkel cells and 
SP-immunoreactive nerve fibers. Analysis of murine back skin innervation during 
the hair cycle has challenged the dogma that peripheral innervation only changes 
under pathological conditions such as injury. Most intriguingly, during anagen- 
development in murine back skin, SP-immunoreactive nerve fiber numbers fluctu- 
ate profoundly and transiently. Moreover, these fluctuations in nerve fiber num- 
bers are accompanied by fluctuations in mast cell-nerve fiber contacts and in 
Merkel cell numbers. In organ-cultured early anagen back skin treated with SP, 
anagen progression can be promoted. These striking, hair cycle-dependent fluctua- 
tions in cutaneous innervation suggest trophic properties of piloneural interactions 
during hair cycle-associated skin remodeling and offer attractive, yet hitherto un- 
derexplored new targets for pharmacological intervention in the management of 
hair growth disorders. 
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Introduction 

Are There "Trophic” Functions for Nerve Fibers in the Skin? The Neuro- 
" Trophic" Hypothesis 

Almost 50 years have past since it first became evident that cutaneous innerva- 
tion serves more than the classical effector and affector functions in skin (Kobaya- 
shi et al. 1958; Toksu 1970; Paus et al. 1997; Peters et al. 2001a). For example, we 
know now that peripheral innervation plays an important role in immunological 
processes in skin (Pincelli et al. 1993) and also covers a number of functions that 
can be summarized as "trophic”. In the fetus or neonate, cutaneous innervation is 
essential in epithelial appendage development such as the hair follicle (Jones and 
Munger 1987; Maggi et al. 1987; Asada Kubota 1995), and in adult skin, wound 
healing is closely related to re-innervation of the insured skin and frequently asso- 
ciated with hair growth induction (Martin 1997; own, unpubl. obs.). However, cu- 
taneous innervation has long been regarded as rather static and inflexible in regu- 
larly occurring tissue remodeling events as they take place during the hair cycle. 

Many times throughout mammalian life, the hair follicle undergoes profound 
changes which have been described in detail in the C57BL/6 mouse (Moll et al. 
1996; Botchkarev et al. 1997a; Mecklenburg et al. 2000; Miiller-Rover et al. 
2001). While growing (anagen), keratinocytes proliferate rapidly. Tylotrich and 
nontylotrich pelage hair follicles are densely innervated and accompanied by a 
rich vasculature, and Merkel discs, which are associated with the tylotrich pelage 
hair follicles only, contain many Merkel cells. This phase is followed by a regres- 
sion phase (catagen) when the whole organ involutes. It challenged a dogma when 
it was shown for the first time that this process is associated with profound 
changes in cutaneous and hair follicle innervation (Moll et al. 1996; Botchkarev et 
al. 1997a,b; Peters et al. 2001a). The density of follicular and inter- follicular in- 
nervation decreases, as does the number of contacts between nerve fibers and mast 
cells and reduced numbers of Merkel cells are detectable in the Merkel discs. Ul- 
timately, the hair follicle reaches a state of relative quiescence (telogen) and in- 
nervation density is low. Mast cell-nerve fiber contacts and Merkel cells are only 
detectable in very low numbers at this stage. These observations are suggestive for 
auto- and paracrine cascades of events involving neurogenic factors that exert tro- 
phic properties in the remodeling of the pilo-neural complex, which we want to 
look at in more detail throughout this article. 



Morphogenesis of Hair Follicles and Cutaneous Innervation Are Closely 
Related 

The "trophic" cross talk between epithelial-mesenchymal and neuronal cutane- 
ous elements begins with the first development of skin and skin appendages (Jones 
and Munger 1987; Karanth et al. 1991; Asada Kubota 1995). As in other mammal- 
ian species (Mosconi and Rice 1993), the development and differentiation of cuta- 
neous innervation and hair follicles progress in strictly correlated sequential waves 
in the back skin of C57BL/6 mice (Peters et al. 2002; Fig. 1). Tylotrich and later 
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Fig. la-f. Development of nerve fibers in murine back skin during hair follicle morpho- 
genesis. a Cell nuclei, Hoechst 43, b nerve fibers, c blood vessels - PEC AM, neural adhe- 
sion - NCAM: representative images of hair follicles that develop into tylotrich pelage hair 
follicles. Dotted lines indicate basement membranes, d Schematic drawing summarizing 
cutaneous development: tylotrich pelage hair follicles {E16, stage 2, E18, stage 5, PI, stage 
7) and nontylotrich pelage hair follicles {E18, stage 2, PI, stages 2 and 5). Black lines indi- 
cate developing innervation. Dark gray profiles indicate developing vasculature. Gray cir- 
cles indicate NCAM-immunoreactive keratinocytes (hair follicle epithelium of the isthmus 
and bulge region), fibroblasts (dermal papilla) and smooth muscles (arrector pili muscles), e 
Quantification of nerve fiber profiles in skin samples of C57BL/6 mice taken on the prena- 
tal days 16 and 18 (E16 and E18) and the postnatal days 1, 3, 5, 7, 10, 17 (PI ...). Please 
note the transiently dense innervation of the epidermis with SP-immunoreactive nerve fi- 
bers in early postnatal life and the decline during the first hair follicle regression (PI 7). 
Significances have been tested by the Mann-Whitney-U test for unpaired samples and al- 
ways refer to the previous day if not otherwise indicated (* /><0.05; ** /^<0.01). Means are 
given ±SEM. f On day 3 of postnatal life, SP-immunoreactivity labels epidermal nerve fi- 
bers {arrow and insert) near a hair follicle with two sebaceous glands (=tylotrichen pelage 
hair follicle) in a cluster-like fashion, suggesting innervation of a Merkel disc as is com- 
monly located in this position, apm Arrector pili muscle, d dermis, dp dermal papilla, e epi- 
dermis, hs hair shaft, pc panniculus camosus, sc subcutis, sg sebaceous gland. Scale bars 
50 pm 

several waves of nontylotrich pelage hair follicles develop in the back skin to- 
gether with their innervation (Mann 1962; Peters et al. 2002), so that every devel- 
oping hair follicle of a given developmental stage is accompanied by nerve fibers 
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Fig. 2a-j. Sensory murine pelage hair follicle innervation and hair growth, a Schematic 
representations of a telogen and an early anagen hair follicle innervated by CGRP- 
immunoreactive nerve fibers {black lines). Single nerve fibers protrude from neural plexi 
{sep, ddp, scp) to innervate hair follicles, the arrector pili muscle, the epidermis, the dermis, 
and blood vessel (not shown). Hair follicle innervation is organized in two networks: fol- 
licular (neural) network A {FNA) and B {FNB). Nerve fiber density and complexity in- 
crease during the early anagen phase b {CGRP) and c {SF)\ telogen hair follicle with some 
immunoreactive nerve fibers in the FNB {arrow in b) and in a nerve fiber bundle in the 
deep dermal plexus passing by the bulge region {arrow in c). d Faint SP-immunoreactivity 
is located in the epidermis near a telogen tylotrich hair follicle most likely innervating a 
Merkel disc {arrow), e An anagen IV hair follicle with an FNB densely innervated by 
CGRP-immunoreactive nerve fibers {arrow), f Single SP-immunoreactive nerve fibers ex- 
tend from the deep dermal plexus into the inter-follicular dermis {arrow) between anagen 
hair follicles, g A dense cluster of SP-immunoreactive nerve fibers innervates the epidermis 
near an anagen tylotrich hair follicle most likely innervating a Merkel disc {arrow), h and i 
CGRP-immunoreactive (h) and SP-immunoreactive (i) nerve fibers co-localize in nerve fi- 
bers innervating the epidermis close to a tylotrich hair follicle {arrows), j 4-mm punch ^ 
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matured in relation to that stage, not in relation to the maturity of the developing 
mammal. 

Cutaneous innervation is densest during the first postnatal days (Fig. 1) and in 
the epidermis begins to decrease with the first penetration of the epidermis by de- 
veloping hair shafts (Fig. 1), indicating the necessity for high epidermal sensitivity 
in the naked newborn skin. Neuropeptides become detectable in the developing 
mouse back skin nerve fibers around and after birth and again this follows a spa- 
tio-temporal pattern: first sensory neuropeptides such as calcitonine gene-related 
peptide (CGRP) and substance P (SP; Terenghi et al. 1993; Peters et al. 2002), 
then autonomic secretory neuropeptides such as vasoactive intestinal peptide 
(VIP) and peptide histidine methionin (PHM; Terenghi et al. 1993; Peters et al. 
2001a) and last autonomic motor neuropeptides such as neuropeptide Y (NPY; 
Schotzinger and Landis 1990; Terenghi et al. 1993; Peters et al. 2001a). Interest- 
ingly, SP-immunoreactivity in the epidermis is concentrated to nerve fibers in 
small and defined fields close to tylotrich hair follicles as early as day 3 of postna- 
tal life (Fig. 1). 

Sensory Pelage Hair Follicle Innervation Fluctuates Hair Cycle Depen- 
dency 

Cutaneous SP-content fluctuates hair cycle dependently with maximal SP-levels in 
early anagen, i.e., during the phase of rapid proliferation (Paus et al. 1994, 1995; 
Peters et al. 2001a). At the same time, during anagen-development, a significant 
increase in CGRP- and SP-immunoreactive nerve fiber numbers in dermis and 
subcutis and CGRP-immunoreactive nerve fibers in the FNB, around the hair fol- 
licle isthmus and bulge region between sebaceous gland and arrector pili muscle, 
can be observed (Peters et al. 2001a; Fig. 2). These observations suggest a role for 
SP and CGRP in anagen development, which prompted us to employ early anagen 
skin organ culture to investigate the effects of SP and CGRP on the growing 
C57BL/6 mouse back skin hair follicle. Interestingly, we found that CGRP had no 
effect despite its close relation to the hair follicle bulge region neighboring the 



biopsies of C57BL/6 mouse skin, taken 3 days after anagen-induction by depilation, so that 
they contained only hair follicles in early anagen stages I-III, were cultured for 72 h in the 

presence of either SP (10“^ or 10~^ M), SP-antagonist (10“^ or 10“^ M), CGRP (10“^ or 

10~^M) or a combination of SP“^ and CGRP“^ M). Quantitative histomorphometric 
analysis was performed and the number of follicles in telogen, anagen I, anagen II, and so 
forth documented. The hair cycle score (HCS) was calculated assigning a score of 0 to each 
anagen I hair follicle, 500 to anagen II, or 1000 to anagen III. Hair-cycle scores were added 
per sample and divided by the number of evaluated hair follicles. Significances have been 
tested by the Mann-Whitney-U test for unpaired samples and always refer to the previous 
day if not otherwise indicated (*p<0.05; **p<0.01). Means are given ±SEM. apm Arrector 
pili muscle, d dermis, ddp deep dermal plexus, dp dermal papilla, e epidermis, FNA follicu- 
lar (neural) network A, FNB follicular (neural) network B, hfe hair follicle epithelium, hs 
hair shaft, scp subcutaneous plexus, sep subepidermal plexus, sg sebaceous gland 
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FNB, containing one putative hair follicle stem cell population (Cotsarelis et al. 
1999; Peters et al. 2001a). However, SP significantly promoted hair cycle progres- 
sion in this model, and this effect could even be antagonized by CGRP (Peters et 
al. 2001a). 



Conclusion 

Given the close correlation of hair follicle and cutaneous innervation develop- 
ment, the number and complexity of perifollicular nerve fibers, the multitude of 
neuronal signaling molecules contained, and the hair cycle-associated fluctuations 
in perifollicular innervation, speculations on direct growth modulatory effects, 
e.g., on neighboring stem cells in the hair follicle bulge region are quickly made 
(Paus et al. 1997; Peters et al. 2002). Far from being able to give a complete re- 
view of all published data on this topic, this article has hopefully provided the 
reader with some evidence for a role for neuropeptides and neurotransmitters in 
hair growth control. In this context, it is interesting to note that SP- 
immunoreactive nerve fibers can only be detected in the epidermis close to ty- 
lotrich hair follicles, and these fibers increase in number during the hair growth 
phase. Hair cycle-dependent fluctuations in cutaneous innervation may thus reflect 
increased gene expression for neurotransmitters and neuropeptides, altered syn- 
thetic activity in the dorsal root ganglia or changes in peripheral digestion of re- 
leased transmitters. In any case, they suggest trophic properties in hair cycle- 
associated skin remodeling. 

Analysis of second messenger systems downstream of neurotransmitter and 
neuropeptide signalling will add to the understanding of piloneural hair growth 
control mechanisms (Peters et al. 2001b). Additional understanding can be derived 
from the analysis of related and interdependent systems such as the neurotro- 
phin/neurotrophin-receptor system (Botchkareva et al. 2000). Also important will 
be the further analysis of interactions between the nervous system and cutaneous 
cells in close contact with neuronal elements such as Merkel cells or mast cells to 
increase our understanding of their interdependence. Future hair research in this 
field will focus on functionally relevant hair growth modulators such as SP and 
others in the human system, e.g., in the human adult anagen hair follicle culture 
system developed by Philpott (Peters et al. 2001b). 
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Summary 

We provide evidence for the neural crest origin of mammalian Merkel cells. 
Neural crest cells originate in the neural folds during early development of the 
vertebrate embryo. They delaminate from the dorsal aspect of the forming neural 
tube and emigrate to different locations, giving rise to a diverse array of structures 
in the adult organism. The dorsal neural tube, including neural crest cells, tran- 
siently express the protein, Wnt-1. This feature can be used to genetically mark 
neural crest cells and their derivatives. We have thus used the double transgenic 
Wntl-cre/R26R mouse to determine the ontogenetic origin of mammalian Merkel 
cells. Merkel cells in the hair follicle epithelium of the whisker pad, interfollicular 
Merkel cells in touch domes and Merkel cells in the rete ridge express the neural 
crest-specific transgene, p-galactosidase. Our data thus indicate that mammalian 
Merkel cells are derived from the neural crest, resolving a long-standing contro- 
versy. Moreover, they suggest that Merkel cell carcinomas are not epithelial tu- 
mors, but belong to the neurocristopathies. 



Introduction 

The neural crest is a transient structure of the vertebrate embryo. Upon forma- 
tion of the neural tube, cells of the neural folds delaminate and migrate via differ- 
ent pathways into the developing embryo. In the adult organism, neural crest cells 
give rise to a wide variety of cell types and tissue. They include all cells of the 
autonomic and enteric nervous systems, most primary sensory neurons and endo- 
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crine cells such as the adrenal medulla and the C-cells of the thyroid. In addition, 
neural crest cells form the cranial mesenchyme, which gives rise to facial skin, 
bone and connective tissue among other cranial structures (Le Douarin and Kal- 
cheim 1999). As Merkel cells show many features of endocrine cells, it is con- 
ceivable that they also originate from the neural crest. Indeed, we have shown 
previously with the chick-quail transplantation method that avian Merkel cells are 
neural crest derivatives (Halata et al. 1990; Grim and Halata 2000a,b). However, 
the current prevalent opinion is that mammalian Merkel cells are derived from the 
epidermis. This notion is based on their epidermal location, their expression of cy- 
tokeratins, and skin transplantation experiments (Lyne and Hollis 1971; English et 
al. 1980; Moll et al. 1984, 1986). In contrast, our previous studies have shown that 
neural crest stem cells are among the migratory population of neural crest cells, 
and that they are also present in target locations, including the sympathetic gan- 
glia, dorsal root ganglia and cardiac outflow tract (Duff et al. 1991; Ito and Sieber- 
Blum 1993; Richardson and Sieber-Blum 1993; Sieber-Blum et al. 1993). In vitro 
clonal analysis has shown further that the leading edge of the migrating neural 
crest cell population that migrates subectodermally within the dorsolateral path- 
way contains stem cells (Richardson and Sieber-Blum 1993; Sieber-Blum et al. 
1993). The presence of stem cells in the migratory and post-migratory neural crest 
explains the extraordinary diverse progeny of this tissue. Moreover, it is thus con- 
ceivable that the neural crest also gives rise to Merkel cells. 

During embryonic development, Wnt-1 is expressed only in the central nervous 
system and in the neural crest (for review, see Echelard et al. 1994). We used a 
two-component genetic system that takes advantage of the restricted Wnt-1 ex- 
pression and indelibly marks neural crest cells and their derivatives. Wntl-cre 
mice (Danielian et al. 1998) express the viral recombinase, ere, under the control 
of the Wnt-1 promoter. R26R mice are derivatives of the ROSA26 line (Friedrich 
and Soriano 1991). The latter is the result of a gene trap that expresses P- 
galactosidase ubiquitously under the control of an unidentified promoter (Soriano 
1999). Thus, in ROSA26 mouse embryos, all cells express P-galactosidase. The 
R26R mouse has, in addition, a stop codon upstream of P-galactosidase that is 
flanked by loxP sites, recombination sites that are recognized by ere (Soriano 
1999). Therefore, in Wntl-cre/R26R double transgenic mice, neural crest cells and 
dorsal neural tube cells of brain and trunk axial levels and their derivatives express 
P-galactosidase indefinitely (Friedrich and Soriano 1991; Echelard et al. 1994; 
Danielian et al. 1998; Soriano 1999; Chai et al. 2000; Jiang et al. 2002). 



Results 

Mice were genotyped and stained for Xgal histochemical stain, TROMA- 1 im- 
munoreactivity and P-galactosidase immunoreactivity as described (Szeder et al. 
2002). The Wntl::lacZ mouse (Echelard et al. 1994; Jackson Laboratories) ex- 
presses P-galactosidase under the control of the Wntl promoter. In this mouse. 
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Fig. lA, B. Wnt-1 expression in an E 9.5 Wnt-l::lacZ mouse embryo. In these trans- 
genic mice, p-galactosidase is expressed upon activation of the Wnt-1 promoter. A Xgal 
histochemistry. Migrating neural crest cells in cranial and trunk axial levels are Xgal- 
positive. B Cross section through the trunk area of an E 9.5 Wnt-1 ::lacZ embryo, stained 
with anti-P-galactosidase antibodies (ALEXA488; green fluorescence). Wnt-1 expression is 
limited to the migratory and premigratory neural crest, and to the dorsal neural tube. Cali- 
bration bars A 500 pm, B 100 pm 

neural crest cells transiently express p-galactosidase. In an embryonic day (E) 9.5 
WntI::IacZ embryo, migrating Xgal-positive neural crest cells are evident in cra- 
nial and trunk areas (Fig. lA), demonstrating that transgenic neural crest cells are 
formed and migrate normally. In cross sections, premigratory and migratory neu- 
ral crest cells, as well as dorsal neural tube noncrest cells, strongly bind anti-P- 
galactosidase antibodies (Fig. IB). In E 9.5 double transgenic Wntl-cre/R26R 
mice, dorsal neural tube cells, premigratory neural crest cells and migratory neural 
crest cells express ere, as detected with an anti-cre antibody (Fig. 2 A). At E 16.5, 
epidermal cells express the Wnt-3 and Wnt-5a genes (St.-Jacques et al. 1998; Mil- 
lar et al. 1999; Fuchs et al. 2001; Reddy et al. 2001), but not Wnt-1. Wnt-1 ex- 
pression during embryonic development is restricted to the central nervous system 
and the neural crest (reviewed by Echelard et al. 1994). As an important negative 
control, we have nevertheless confirmed the absence of Wnt-1 expression in 
E 16.5 epidermal cells. Neither the outer root sheet in whiskers (Fig. 2B, C), nor 
the surface epidermis (Fig. 2D, E) express ere at E 16.5. Due to protein turnover, 
the dermal cells, which are of neural crest origin, are also cre-negative, as the 
Wntl promoter is active transiently only (Fig. 2B-E), around E 9.5. 

Merkel cells are visualized by TROMA-1 binding, a monoclonal antibody that 
recognizes cytokeratin 8 (Vielkind et al. 1995; Moll et al. 1996a; Fig. 3 A, C). 
TROMA-1 positive Merkel cells (Fig. 3C) express P-galactosidase (Fig. 3B). 
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Fig. 2A-E. Cre expression in E 9.5 and E 6.5 Wntl-cre/R26R embryos. A Cre immuno- 
reactivity in a cross section of an E 9.5 Wntl-cre/R26R embryo is limited to the neural crest 
and dorsal neural tube, as expected. B In E 16.5 whiskers, no cre-immunoreactivity is ob- 
served. Bracket denotes the outer root sheet, where Merkel cells are located. C Same area 
with phase contrast optics; h hair. D There is no cre-immunoreactivity in the surface epi- 
dermis {bracket). E Same area as D with phase contrast optics. The absence of cre- 
immunoreactivity in epidermal cells excludes the possibility of Wnt-1 expression in epi- 
dermal cells at that stage of development. The absence of cre-immunoreactivity in E 16.5 
dermal cells and Merkel cells, both of which are of neural crest origin, is consistent with the 
transient expression of Wnt-1 around day E 9.5 and a subsequent loss of cre protein due to 
protein turnover. Calibration bars A-E 50 pm 

Fig. 3A-D. P-galactosidase expression in the whisker pad of E 16.5 Wntl-cre/R26R 
double transgenic mice. A Merged image of P-galactosidase (ALEXA 594-conjugated goat 
anti-rabbit IgG; red fluorescence) and TROMA-1 immunoreactivity {fluorescein fluores- 
cence); overview of one whisker. B P-galactosidase immunoreactivity (ALEXA 594, red 
fluorescence); detail from A. C TROMA-1 immunoreactivity {fluorescein fluorescence) of 
same area as in B, same focal plane. D Merged images of C and D; p-galactosidase immu- 
noreactivity co-localizes with TROMA-1 immunoreactivity {yellow). In control experi- 
ments where one of the primary antibodies or one of the secondary antibodies was deleted, 
there was no detectable staining (data not shown). Calibration bars A 50 pm, B-D 10 pm 
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Figure 3D shows a merged image with superimposed TROMA-1 (green) and P- 
galactosidase (red) stains. Areas of co-expression appear yellow. The co- 
localization of cytokeratin 8 and P-galactosidase provides conclusive evidence for 
the neural crest origin of Merkel cells (Szeder et al. 2002). P-galactosidase is ex- 
pressed abundantly also in the surrounding dermal tissue of the developing 
whisker pad (Fig. 3A), as the cranial mesenchyme is of neural crest origin. 



Discussion 

We used a two-component genetic system to prove that Merkel cells are de- 
rived from the neural crest. The neural crest generates highly diverse progeny, in- 
cluding several types of endocrine cell that according to their morphology are 
closely related to Merkel cells (Le Douarin and Kalcheim 1999). Moreover, our 
previous studies have shown that avian Merkel cells are derived from the neural 
crest (Halata et al. 1990; Grim and Halata 2000a,b). In evolutionary terms, it is 
thus not surprising that mammalian and avian Merkel cells share their common 
origin. However, many studies have been geared towards proving that Merkel 
cells have an epidermal origin. First and foremost, mammalian Merkel cells are 
located in and integrated with the basal layer of the epidermis. In the whisker they 
are located in the outer root sheet, which is in direct continuum with the epider- 
mis. Moreover, Merkel cells express several types of cytokeratin, including cy- 
tokeratin 8 (Moll et al. 1990; Vielkind et al. 1995). Thus, the potential epidermal 
nature of Merkel cells becomes plausible. However, in addition to the chick-quail 
transplantation experiments and our current report, there are other indications that 
contradict the notion of an epidermal origin. First, in mammalian fetal skin, 
Merkel cells are observed occasionally in the dermis (Hashimoto 1972; Halata 
1981; Tachibana 1995). Second, Merkel cell carcinomas arise in the dermis, not 
the epidermis (Goessling et al. 2002). Interestingly, in rare cases Merkel cell car- 
cinoma occurs in patients with neurofibromatosis, another neural crest disease 
(Antoniades et al. 1998). Merkel cell carcinomas also express Bm-3.0 (Leonard 
and Bell 1997), which is characteristic for neural crest-derived sensory neurons 
(Greenwood et al. 1999). Third, the low molecular weight cytokeratins that are 
expressed by Merkel cells are not characteristic for epidermis, but for simple epi- 
thelia (Kemler et al. 1981). Finally, Moll and collaborators have performed trans- 
plantation experiments by grafting human fetal skin from gestational weeks 8-1 1 
to nude mice. In the graft, human Merkel cells developed. The authors have thus 
concluded that they are derived from the epidermis. The problem with this inter- 
pretation is that Merkel cell progenitors and neural crest-derived glia cells are al- 
ready present in gestational weeks 6-11 human fetal skin (Moore and Munger 
1989; Terenghi et al. 1993; Moll et al. 1996b). For this reason and because many 
target locations in the young embryo contain neural crest stem cells (Duff et al. 
1991; Ito and Sieber-Blum 1993; Richardson and Sieber-Blum 1993; Sieber-Blum 
et al. 1993), it is likely that neural crest stem cells invade the skin early in embry- 
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onic development, and that they receive cues from the local microenvironment 
that direct them to differentiate along the Merkel cell lineage. In summary, we 
have provided conclusive evidence for the neural crest origin of mammalian 
Merkel cells, refuting the notion of their epidermal origin. Furthermore, our data 
suggest that Merkel cell carcinomas are not epithelial tumors, but that they belong 
to the neurocristopathies (Bolande 1974). 
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Summary 

Chick/quail chimeras and double transgenic Wntl-cre/R26R mice, in which 
neural crest cells are permanently marked by expression of P-galactosidase, are 
evidence that Merkel cells in Merkel nerve endings of birds and mammals are 
neural crest derivatives. Like melanoblasts their precursors colonise the skin. Cy- 
tokeratin 8- and 18-positive Merkel cells in mouse whisker follicles are postmi- 
totic cells. They are Ki 67-negative and their nuclei exhibit features of differenti- 
ated resting cells. In contrast, Merkel cell progenitors are likely to be proliferating 
cells. Simple cytokeratins are not suitable markers for their identification. Possible 
progenitors of Merkel cells that contain dense core granules can be identified us- 
ing electron microscopy in the connective tissue surrounding the bulge region of 
the whisker follicle. Possible progenitors of Merkel cells in epidermis are P- 
galactosidase-positive, but cytokeratin-negative. Verification of the Merkel cell 
precursor nature of these cells requires specific markers that will enable us to dis- 
tinguish them from precursors of melanoblasts. Thus, the question of the location 
of proliferative Merkel cell progenitors remains open. 



Introduction 

Merkel cells, which are localized in the skin of vertebrates, are large, oval cells 
with an electron-clear cytoplasm. The vast majority of Merkel cells are in close 
association with a nerve terminal. Recent experimental evidence points to direct 
involvement of the Merkel cells in transducing mechanical stimuli to action poten- 
tials in the afferent nerve fibre (Senok and Baumann 1997; Tazaki and Suzuki 
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1998; Halata et al. 2003; see Baumann and Senok, this Vol.). 

Merkel cells were originally described by Merkel (1875) in the skin of birds 
and mammals. The electron-microscopic features of Merkel cells in birds (Saxod 
1978; Halata and Grim 1993) are similar to those in mammals (Halata 1970). The 
main difference between avian and mammalian Merkel cells is their location. In 
mammals, Merkel cells are found in the basal layer of the epidermis (Munger 
1965) and in the outer root sheath of the hair follicle, in particular in whiskers 
(Andres 1966). By contrast, Merkel cells in birds are localised in the dermal con- 
nective tissue (Saxod 1978). However, the epidermis of birds is completely free 
not only of Merkel cells and their nerve endings, but also of free nerve endings, 
which terminate in the dermis (Hemming et al. 1994). 

There is still controversy about the developmental origin of Merkel cells. Ac- 
cording to one view, they originate from the neural crest and migrate into the 
mammalian epidermis during embryonic development. This opinion is supported 
by the observation of Merkel cells in the dermis of fetal and newborn mammalian 
skin (Breathnach and Robins 1970; Hashimoto 1972; Winkelmann 1977). An al- 
ternative view is that they arise from an ectodermal stem cell common to keratino- 
cytes and Merkel cells (Munger 1965; English 1974; Moll et al. 1986; Moll and 
Moll 1992). The latter hypothesis is currently favoured by most investigators. It is 
mainly supported by the finding of low molecular cytokeratins (CK 8, CK 18, CK 
19 and CK 20) in Merkel cells of mammals (Moll et al. 1984, 1995; Kim and Hol- 
brook 1995). 

Whisker hair follicles are richly innervated and the nerve fibres end in a variety 
of different mechanoreceptors, in particular in Merkel nerve endings. Up to 2000 
Merkel cells were found in whiskers of the rat, mouse, cat and monkey (Halata 
and Munger 1980; Halata 1993). In some aquatic mammals, such as in seal and 
sea lion, their number in a single follicle can reach 20,000 (see Dehnhardt et al., 
this Vol.). Whiskers are therefore conducive to the study of Merkel cell develop- 
ment. 

This study aims at summarizing our recent results on the developmental origin 
of Merkel cells in embryonic chick/quail chimeras and in mouse whisker follicles 
and it addresses the question of Merkel cell precursors and their proliferation. 



Methods 

White Leghorn chicken {Gallus gallus) and Japanese quail (Coturnix coturnix 
japonicd) were studied and used to prepare embryonic chimeras in order to eluci- 
date the developmental origin of Merkel cells in birds (for details see Grim and 
Halata 2000). To determine the origin of mammalian Merkel cells and to explore 
their proliferating precursor population, we have analysed Merkel cells in whisk- 
ers of normal and double transgenic Wntl-cre/R26R mice. In this double trans- 
genic mouse, neural crest cells are permanently marked by p-galactosidase ex- 
pression (Szeder et al. 2002; see Sieber-Blum et al., this Vol.). The whisker pads 
of embryonic day (ED) 13.5-18.5 embryos and of new-born mice were dissected. 
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genotyped and double transgenic tissue processed for P-galactosidase immunohis- 
tochemistry (Bgal) and/or catalytic Xgal histochemistry. Merkel cells in paraffin 
and cryostat sections were visualised with antibodies against cytokeratin 8 (CK 8; 
TROMA-1, Hybridoma Bank) and cytokeratin 18 (CK 18; RGB 53, Chemicon). 
The cell proliferation marker, Ki 67 protein, was detected using the rat anti-mouse 
monoclonal antibody, Ki 67 (TEC-3, DAKO, Glostrup, Denmark). This recently 
developed antibody (Scholzen and Gerdes 2000) can be used on formalin-fixed, 
paraffin-embedded murine tissue. In addition, ultrastructural features of Merkel 
cells were studied using electron microscopy (Halata et al. 1999). 



Results and Discussion 

In our previous study (Grim and Halata 2000), the developmental origin of 
avian Merkel cells was investigated in chick/quail chimeras at the light micros- 
copy level and by electron microscopy (Fig. 1). Quail cells in chimeras were iden- 
tified according to the presence of masses of heterochromatin associated with the 
nucleolus, which is characteristic for quail cells (Le Douarin 1973). Our results 
show that Merkel cells are neither derived from the ectoderm nor from the mesen- 
chyme of the limb primordium, but that they originate from cells that migrate into 
the limb from axial structures of the embryo. Two sources of cells are known to 
colonise the limb: somites and the neural crest. Our results show that Merkel cell 
progenitors colonised the limb skin simultaneously with glial cells and melano- 
cytes. We thus conclude that avian Merkel cells originate from the neural crest. 




Fig. 1. Merkel cell in the dermis of the foot of a chimeric chick 14 days after grafting a 
chick limb primordium onto the quail host embryo. Merkel cell {M) exhibits heterochro- 
matin mass associated with the nucleolus characteristic for the quail that is not present in 
surrounding dermal chick cells. The Merkel cell cytoplasm contains a small number of 
dense core granules. Several axons {arrows) are in contact with the cytoplasmic membrane 
of the Merkel cell. E Epidermis of the chick 
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Fig. 2. Cryostat section of the upper lip skin of Wntl-cre/R262 mouse at postnatal 
day 4. Cells of neural crest origin express p-galactosidase and are Xgal-positive {blue reac- 
tion product). Merkel cells in the epidermis express CK 8 {brownish-red reaction product). 
Note co-localisation of Xgal and CK 8 in Merkel cells {arrows). Xgal positivity of epider- 
mal cell of basal layer without CK 8 positivity {arrowhead) 

Fig. 3. Merged image of whisker hair follicle and epidermis of mouse at embryonic 
day 17. Merkel cells are stained for CK 18 {fluorescein) and cell proliferation marker Ki 67 
is visualised with rhodamine {red). Merkel cells are not double stained 

Fig. 6. Whisker follicle of mouse at postnatal day 4 in oblique cryostat section. Cells of 
neural crest origin expressing p-galactosidase {brown) are dispersed throughout the outer 
root sheath {0)\ 7/ hair shaft 

Avian Merkel cells thus represent another population of neural crest-derived 
cells. The developmental origin of mammalian Merkel cells has been determined 
in the whisker follicle of the double transgenic Wntl-cre/R26R mouse, in which 
neural crest cells are permanently marked by expression of P-galactosidase 
(Szeder et al. 2002; see Sieber-Blum et al., this Vol.). Merkel cells were visualised 
by staining for CKs 8 and 18, two typical Merkel cell markers (Moll et al. 1984). 
Our results show that CK 8-positive Merkel cells in mouse whiskers and in the 
basal layer of the epidermis also express P-galactosidase (Fig. 2). This finding 
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Fig. 4. Merkel cell with numerous dense core granules in the outer root sheath of the 
mouse whisker at postnatal day 4. Merkel cell exhibits chromatin condensation and the 
ring-shaped nucleolus {arrow) characteristic for mature resting cells. BL Basal lamina of 
hair follicle 

Fig. 5. Part of whisker follicle of mouse at embryonic day 16. In connective tissue close 
to the outer root sheath (O), a cell {arrow) contains dense core granules of similar size and 
density as Merkel cells. This cell probably represents a Merkel cell precursor 

provides solid evidence for the neural crest origin of mammalian Merkel cells in 
the whisker follicles of the mouse. 

The whisker follicles contain the largest known accumulation of Merkel cells, 
elements of the mechanosensory Merkel nerve endings (Gottschaldt et al. 1973). 
The number of Merkel cells in whisker follicles increases during embryonic de- 
velopment (Pasche et al. 1990), but mitotic Merkel cells are observed only rarely. 
For example, Merot et al. (1987) studied embryonic mouse whisker follicles by 
electron microscopy looking for dividing cells identified as Merkel cells by their 
content of dense core granules. In our current study, we use antibodies against CK 
8 and CK 18, markers of Merkel cells, in combination with the Ki67 antibody, a 
marker for cell proliferation, to determine the cell cycle status of Merkel cells and 
their progenitors. The Ki 67 epitope is expressed during all active phases of the 
cell cycle, but is absent in resting cells (Scholzen and Gerdes 2000). 

We do not observe any Ki 67 binding to differentiated Merkel cells, suggesting 
that they are postmitotic (Fig. 3). Our data are in agreement with a report by Moll 
et al. (1996), who used antibodies against cytokeratins as well as Ki 67 antibody 
and obtained similar results in the epidermis of human fetal skin. It can thus be 
concluded that once Merkel cells express simple cytokeratins, they are postmi- 
totic, terminally differentiated cells. Electron microscopic observation of Merkel 
cell nuclei showing ring-shaped nucleoli and chromatin condensation (Fig. 4) sup- 
ports this notion. Ring-shaped nucleoli are characteristic for resting cells (Smetana 
1974). 
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In a subsequent series of experiments, we were searching by electron micros- 
copy for cells that might represent Merkel cell progenitors. Ultrastructurally, 
Merkel cells can be identified by their content of dense core granules 60-80 nm in 
diameter and by their association with nerve terminals. In this study we find cells 
in the dermis containing a low number of dense core granules corresponding in 
size to the granules of mature Merkel cells (Fig. 5). They are localized in connec- 
tive tissue surrounding the whisker follicle in close proximity to its bulge region. 
They are not in contact with nerve fibres. However, in cryostat sections stained for 
CKs 8 and 18, we have never observed cytokeratin-positive cells in the dermis. 
Similar results were reported by Pasche et al. (1990). Cells with dense core gran- 
ules, interpreted as representing Merkel cells, were observed in dermis of human 
embryonic skin (Breathnach and Robins 1970; Hashimoto 1972) and newborn cats 
(Halata 1981). In Merkel cells of the mouse, dense core granules appear earlier 
than staining for simple cytokeratins is detectable. For example, Pasche et al. 
(1990) have observed dense core granules in Merkel cells in ED 12 whisker folli- 
cles, but CK 1 8 immunoreactivity was first detectable at ED 1 3 only. 

Other cells that might represent Merkel cell progenitors are observed within the 
basal layer of the epidermis and in the outer root sheath of Wntl-cre/R26R double 
transgenic whisker follicles. They express the neural crest cell marker, the p- 
galactosidase, but are negative for CK 8 staining (Fig. 2). Moreover, p- 
galactosidase expressing neural crest-derived cells is dispersed throughout the en- 
tire width of the epithelium of the multilayered outer root sheath in the bulge re- 
gion (Fig. 6). The majority of these cells is not localised in the outermost layer of 
the outer root sheet, where the cytokeratin expressing Merkel cells are typically 
localised. These cells may represent Merkel cell precursors or melanogenic pro- 
genitors, two neural crest cell types that colonise the epidermis. Melanocytes can 
be identified by the presence of melanin granules within the cytoplasm. However, 
in the cytoplasm of Bgal-positive and CK-negative cells, no melanin granules are 
present at this developmental stage. Only the availability of a marker specific for 
the Merkel cell lineage will permit the study of the proliferative behaviour of 
Merkel cell progenitors. 

The question where Merkel cell progenitors are located when they are still pro- 
liferative, remains to be answered. They cannot be identified using simple cy- 
tokeratins as markers and other markers specific for the Merkel cell lineage are 
currently not available. The transcription factors Mathl (Helms et al. 2000; Leo- 
nard et al. 2002) and Bm3c (Leonard et al. 2002), which are expressed in mature 
Merkel cells may provide a future means for the identification of Merkel cell pre- 
cursors. 
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Summary 



Merkel cells constitute a unique population that remains difficult to characterize in 
human skin because of their scarcity. Our aim was to develop tools for the study 
of Merkel cells in vitro. As a first step, we evaluated the possibility of harvesting 
human Merkel cells with the two-step extraction method that is widely used to ex- 
tract and culture keratinocytes. Merkel cells were identified in the epithelial por- 
tion of hairy or glabrous skin biopsies by keratin (K)18 and K20 labeling. The to- 
tality of cutaneous epithelial cells were isolated from either hairy or glabrous skin 
biopsies following enzymatic dissociation of both the epidermis and the hair folli- 
cles. Flow cytometry was performed to quantify the small Merkel cell population. 
The analysis revealed that K18-labeled cells represented between 4.0 and 7.6% of 
freshly dissociated basal epidermal cells. No significant differences were seen be- 
tween samples derived from glabrous palmar and hairy anatomic sites from chil- 
dren and adults, respectively. We also reported on the presence of Merkel cells in 
primary and first subcultures of human epidermal cells. The next step will be to 
enrich the isolated human Merkel cells and improve their culture conditions. An 
amplification of the number of Merkel cells will allow further studies to unravel 
long-standing questions regarding their origin, proliferative capacity, and func- 
tions in cutaneous biology. 
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Introduction 

The Merkel cell population possesses many interesting features such as coex- 
pression of dense-core neurosecretory granules, keratin (K) filaments and desmo- 
somal proteins. In post-natal skin, Merkel cells express the simple epithelial kera- 
tins K18 and K20, and antibodies specific to these keratins enabled their 
localization in situ (Moll et al. 1984, 1995; Moll 1994; Fradette et al. 1995). 
Therefore, the distribution and three-dimensional organization of Merkel cells in 
epidermis and hair follicles have been well described (Lacour et al. 1991; 
McKenna Boot et al. 1992; Moll 1994; Narisawa et al. 1994). However, the quan- 
tification of such a minor cell population remains a difficult task. 

We took advantage of our isolation procedure that dissociates cells from both 
the epidermis and hair follicles (Germain et al. 1997) to quantify Merkel cells in 
populations of epidermal cells freshly dissociated from human skin. Our interest in 
Merkel cells is related to the potential improvements in the production and quality 
of the epidermal grafts produced for the treatment of patients with extensive 
bums. Moreover, such populations of dissociated cells would further facilitate the 
study of Merkel cells in relation to stem cells using in vitro models. In this paper, 
we compared the percentage of Merkel cells (expressing K18) present in freshly 
dissociated populations of epidermal cells from glabrous (palmar/plantar) and 
hairy (breast, scalp) anatomic sites using flow cytometry. The presence of dissoci- 
ated normal human Merkel cells in epidermal cell populations suitable for culture 
will allow further investigation of their functions, proliferative capacity and fate in 
vitro. 



Results and Discussion 

Merkel Cells Are Extracted from Epidermis and Hair Follicles Using a 
Two-Step Epidermal Cell Isolation Method 

When frozen sections of normal human digital skin are labeled with antibodies 
directed against K20 (Fig. lA) or K18 (Fig. ID), positive cells are found in the 
basal layer of the epidermis, more specifically at the bottom of the rete ridges 
(Moll et al. 1984; Fradette et al. 1995). The basal layer of interfollicular epidermis 
as well as the outer root sheath (ORS) of hair follicles also contain numerous 
Merkel cells (Fig. IJ; Lacour et al. 1991; Narisawa et al. 1993, 1994; Moll 1994; 
Fradette et al. 1995). Since Merkel cells are often found in close association with 
dermal nerve endings, we first verified if a commonly used two-step epidermal 
cell extraction method allowed the recovery of viable Merkel cells. This method 
was originally designed for the isolation of keratinocytes, free of fibroblasts, and 
allows massive cell amplification for the production of cultured epithelial sheets 
suitable for grafting (Green et al. 1979; Germain et al. 1993). 

We first determined whether Merkel cells remained in the epithelial portion of 
skin after thermolysin treatment and dermo-epidermal separation using immuno- 
histochemistry on frozen sections. Figure IG demonstrates that K20-expressing 
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Merkel cells are indeed retained in the basal layer of the epidermal portion of pal- 
mar skin. Similarly, transversal sections at the level of the upper follicle (Fig. IK) 
clearly identify K20-expressing Merkel cells in the basal layer of the ORS after 
scalp skin separation following thermolysin incubation. 

Quantification of Merkel Cells from Glabrous and Hairy Anatomic Sites 

To quantify Merkel cells, the percentage of K 18-expressing cells among the 
epidermal population freshly dissociated from glabrous (palmal/plantar) or hairy 

(breast, scalp) skin biopsies was determined. Briefly, skin biopsies (3-9 cm^) 
were cut into 5x5 mm fragments and incubated overnight at 4 °C or 3 h at 37 °C 
in a 500 pg/ml thermolysin solution (Germain et al. 1993). The epithelium (epi- 
dermis and hair follicles) was separated from the underlying dermis with fine for- 
ceps and the epidermal cells were dissociated with trypsin for 15 min at 37 °C. 
The freshly isolated epidermal cell suspensions were fixed with 70% cold ethanol 
before immunolabeling. Flow cytometry analysis confirmed that Merkel cells rep- 
resent a minor population of the total epidermal cells, with 1.6±0.5% of K18- 
expressing cells for samples isolated from glabrous skin of children and 2.0±0.2% 
for hairy skin biopsies from adults. To ensure adequate comparisons between the 
dissociated cell populations obtained from different body sites, the percentage of 
basal cells was determined for each sample by labeling with the VM-2 antibody 
(VM2, clone #HB-8530 ATCC, Manassas, VA) which recognizes the a3-integrin 
subunit expressed by basal cells of the epidermis and ORS of hair follicles (Kauf- 
mann et al. 1989; Michel et al. 1996). 



Table I. Percentage of human Merkel cells in biopsies from different anatomic sites 



Anatomic site 
(skin) 


Age of donor (Years) 
(Mean ± SD) 


Percentage of epidermal basal 
cells expressing K18* 

(% ± SD) 


Palmar/plantar (n=7) 


1.6 ±0.5 


4.0 ±0.6 


Breast (n=4) 


40.6 ± 12.4 


4.8 ±2.1 


Scalp (n=4) 


46.5 ± 8.2 


7.6 ±3.2 



* The percentage of basal cells that are Merkel cells was evaluated from VM2 and K1 8 la- 
belings. Results are expressed as mean ± SD of (%K18 positive cells/ %VM2 positive cells) 
X 100. Cells were analyzed on a Becton-Dickinson fluorescence-activated cell sorter 
(FACS) and a number of 20 000 events was acquired for each sample. 

Table 1 represents the percentage of freshly dissociated basal cells that express 
K18. The Merkel cell population, as identified by K18 expression, corresponds to 
4.0% of basal cells for palmar skin of children and is not statistically different 
from the percentages obtained for hairy skin biopsies from adults (Table l,p<0.05 
according to nonparametric Mann- Whitney test). This is interesting since glabrous 
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Fig. lA-K. Merkel cells in human palmar epidermis and hair follicles are conserved in 
the basal layer after thermolysin treatment. Indirect immunofluorescence labeling of 6-jLim 
acetone-fixed frozen sections using antibodies directed against A, G K20 (IT-Ks 20.10, 
American Research Product, Belmont, MA) and D K18 (K18.174, Progen-IBL, Cambridge, 
MA) allowed detection of Merkel cells. Merkel cells are localized within the basal layer of 
the normal palmar epidermis A before and G after cleavage of the dermo-epidermal junc- 
tion by thermolysin. B, E, H Nuclear Hoechst staining (reagent 33258, Sigma); C, F, I 
phase-contrast micrographs corresponding to A, D, G, respectively. Similarly, thermolysin 
treatment of hair follicles containing biopsies such as adult scalp skin allows the separation 
of intact hair follicles from the dermal compartment and isolation of follicular Merkel cells: 
indirect peroxidase labeling was performed on formaldehyde (2.5%, 30 min at RT) and 
methanol (10 min at -20 °C) fixed frozen sections using the Ultra HRP detection system 
(ID Labs Inc, London, Ontario, Canada). K20-expressing cells are found in the basal layer 
of the epidermis and in the outer root sheath of terminal scalp hair follicle J before, and K 
after thermolysin separation. Scale bars: A-F 47 pm; G-I 62 pm; J-K 100 pm 



skin was considered to have a greater density of Merkel cells per mm^ or cm^ of 
basal layer (Lacour et al. 1991; McKenna Boot et al. 1992). The high number of 
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Fig. 2A-F. Merkel cells are present in culture in vitro. A-C Detection of K20- 
expressing cells in cultures in vitro showing that Merkel cells are with keratinocyte colo- 
nies. Follicular Merkel cells are extracted using the two-step epidermal cell isolation proce- 
dure and culture in vitro as described in Fradette et al. (2003). A Detection of Merkel cell 
expressing K20 in epithelial cell culture derived from human scalp skin. The electron mi- 
croscopy image (B) represents the labeled cell on the light microscopy image in A. C Mag- 
nification of the delimited region c of B. The cytoplasmic dense peroxidase deposits (as- 
terix) allowed the identification of a K20-expressing cell at the electron microscopy level 
(B). In contrast, large keratinocytes presented a light cytoplasm containing an extensive 
network of keratin filaments (B). The presence of discrete dense-cored neurosecretory 
granules {arrowheads, C) in the cytoplasm of the K20-labeled cell indicates that they are 
Merkel cells. Moreover, the characteristic lobulated nucleus of Merkel cells is indicated by 
arrows (B). D-F In vitro, K18 is induced in keratinocytes cultured as monolayers. D Pri- 
mary cultures (day 5) of epidermal cells derived from plantar skin were stained with an an- 
tibody directed against K18. Human cells forming the central colony are distinguished from 
the murine 3T3 feeder layer by the uniform appearance of their nuclei revealed by Hoechst 
staining (E). F The corresponding phase-contrast micrograph. Epidermal cells were plated 

on a mouse irradiated 3T3 fibroblast feeder layer in culture flasks (27,000 cells/cm^) or 

coverslips (80,000 cells/cm^) and cultured in complete DME-HAM supplemented with 
10% Fetal Clone II serum (Hy clone, PDI Bioscience, Aurora, Ontario; Canada; Rheinwald 
and Green 1975; Germain et al. 1993; Michel et al. 1996). IF Intermediate filaments; K 
keratinocyte; M Merkel cell; N nucleus. Scale bars: A 50 pm; B 1 pm; C 500 nm; D-F 
47 pm. Part of this figure is from Fradette et al. (2003) J Invest Dermatol, Courtesy of 
Blackwell Publishing 



Merkel cells we obtained from adult hairy skin sites is likely due to the contribu- 
tion of Merkel cells present in many small vellus hair follicles (breast) and termi- 
nal hairs (scalp) which are easily extracted by our technique (Fig. 1; Germain et al. 
1997). Since skin presents a complex architecture in which Merkel cells are not 
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distributed regularly, it is difficult to obtain representative quantification from tis- 
sue sections. In contrast, flow cytometry offers the advantage of analysing a large 
number of cells. Therefore, we determined the percentage of Merkel cells among 
epidermal cells freshly dissociated from a relatively large representative skin area 

(up to 9 cm^) containing numerous hair follicles when applicable. 

Primary cultures from each anatomic site were established by seeding dissoci- 
ated epidermal cells with a 3T3 feeder layer, either at high density on glass cover- 
slips for immunolabeling, or into flasks for amplification and analysis by flow cy- 
tometry. Numerous positive cells were observed when the monolayer cultures 
were immunostained with an anti-K18 antibody, likely representing induction of 
K18 expression in keratinocytes under our culture conditions (Fig. 2D-F). The ex- 
tent of this reexpression was variable between anatomic sites and was particularly 
important for children finger skin where up to 77% of keratinocytes express K18 
at the end of primary culture (Table 2). Such reexpression of K18 has also been 
observed for cultured epithelial sheets (Compton et al. 1990), reinforcing the no- 
tion that K18 is not a reliable marker for the identification of Merkel cells in cul- 
tures since it has lost the specificity for Merkel cells observed in situ, as well as in 
cells freshly dissociated from children and adult skin biopsies. Thus, K20 is a 
more reliable marker for the identification of Merkel cells in culture, whereas K18 
remains an appropriate marker for the identification of Merkel cells in situ and 
among freshly dissociated epidermal cells before culture. We have been able to 
detect human Merkel cells within cultures of epidermal cells in vitro by K20 im- 
munostaining (Fig. 2A-C). The electron microscopy analysis confirmed the ultra- 
structural features of Merkel cells: lobulated nucleus, dense-cored granules and 
cytoplasmic extensions (Fig. 2B,C; Fradette et al. 2002). 

The optimization of culture conditions for human Merkel cells will likely pro- 
vide a unique in vitro model to gain insight into their functions and controversial 
features. Moreover, the presence of Merkel cells in culture could be beneficial for 
patients since a high number of Merkel cells in cultured epithelial sheets grafted to 
extensively burned patients could stimulate reinnervation and help them regain 
better sensory functions at targeted grafted sites. With the rapid progress made in 
the fields of tissue engineering (Auger et al. 2000), transplantation and gene ther- 
apy, tissue reconstruction using the various cell types present in skin holds great 
promise and could result in the production of skin substitutes tailored for particu- 
lar needs and specialized applications. 

Table II. Percentage of K1 8-expressing cells in monolayer cultures of epidermal cells 
derived from various anatomic sites 



Anatomic site (skin) 


Palmar/Plantar 


Breast 


Scalp 


Primary culture (% ± SD) 


77.4 ± 8.5 


2.6 ± 1.6 


25.1 ±9.7 


Passage 1 (% ± SD) 


87.7 ±4.9 


5.9 ± 0.5 


45.8 ± 12.2 
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Summary 

Merkel cells have long been assumed to exhibit a function of guiding sensory 
nerve fibers to the skin and hairs. However, there has been little experimental evi- 
dence that supports this hypothesis. In order to test this possibility, we performed 
co-culture of sinus hair follicles and sensory ganglia in a collagen gel, intending to 
examine how sensory nerve fibers grow to the Merkel cell-enriched regions of si- 
nus hair follicles. During co-culture with a serum-free medium supplemented with 
NGF and NT3, nerve fibers from sensory ganglia grew in a manner making con- 
vergence to the superior enlargement of hair follicles at which Merkel cells were 
enriched. Live Merkel cells stained with FMl-43 dye were demonstrated to be 
present in co-culture preparations. The presence of Merkel cells in this region of 
hair follicles was also demonstrated by immunostaining against cytokeratin 20. 
Immunostaining of a co-culture preparation against synaptophysin 1 showed that 
the hair follicle was surrounded tightly with synaptophysin 1 -enriched newly 
grown sensory nerve fibers. We therefore considered that Merkel cells are likely 
to have a capability of attracting sensory nerve fibers. 



Introduction 

Merkel cells are innervated by primary sensory nerve fibers generating from 
sensory ganglia of trigeminal and dorsal spinal roots (Andres 1966). It has long 
been assumed that one of the functions of Merkel cells is to guide the sensory 
nerve fibers to the skin and hairs (Lumsden and Davies 1986). Vos et al. (1991) 
reported that Merkel cells in monolayer culture tend to form a tight contact with 
sensory nerve fibers. However, no further experimental evidence has been pro- 
vided whether Merkel cells are capable of attracting sensory nerve fibers. In order 
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Fig. 1. Methods of co-culture of hair follicles and sensory ganglia in collagen gel. Shafts 
were dissected from sinus hair follicles by removing their capsules. Dorsal root ganglia 
were dissected and cut into halves. These follicular and DRG preparations were embedded 
in collagen gel and were cultured with a serum-free medium supplemented with neurotro- 
phins, NGF, BDNF, NT3 or NT4 in a CO2 incubator 

to provide an answer to this question, we planned a co-culture experiment of sen- 
sory ganglia and epidermal preparations that contained a large number of Merkel 
cells. In this experiment we assumed that if Merkel cells exhibited the capability 
of attracting sensory nerves, fibers grown from the sensory ganglia tended to grow 
toward the epidermal preparations. Indeed, in the co-culture, sensory nerve fibers 
that extended from the ganglia turned their growing direction and then converged 
onto several regions on the epidermal preparations at which Merkel cells were en- 
riched. A series of experimental results represented in this symposium provide 
evidence of the capability of Merkel cells of attracting sensory nerve fibers. 



Methods 

Co-Culture of Hair Follicles and Sensory Ganglia in Collagen Gel 

Co-culture of sinus hair follicles and sensory ganglia was performed as shown 
schematically in Fig. 1. Sinus hair follicles were dissected from whisker pads of 




Growth of nerve fibers to Merkel cells in culture 1 15 



newborn and infant rats. Shafts that contain a large number of Merkel cells were 
dissected from the hair follicles by removing their capsules. Sensory ganglia, ei- 
ther dorsal root ganglia (DRG) or trigeminal ganglia (TRG), were dissected from 
another rats. Connective tissues surrounding the ganglia were removed. These 
ganglia were cut into halves to obtain ganglia of half-domed shape. The hair folli- 
cle and ganglion preparations were embedded in collagen gel and were incubated 
with a serum-free medium supplemented with neurotrophins, either NGF 
(20 ng/ml), BDNF (20 ng/ml), NT3 (20 ng/ml) and NT4 (20 ng/ml). The culture 
medium contained DMEM/F-12 Medium, 12 mM NaHC 03 , 0.1 mg/ml transfer- 
rin, 99.3 pg/ml putrescine, 0.87 pM insulin, 0.02 pM progesterone and 1% peni- 
cillin-streptomycin (Fukuda 1996). 

Immunostaining of Co-Culture Preparations 

Co-culture preparations were fixed with 4% paraformaldehyde and were im- 
munostained against 160-kDa neurofilament, cytokeratin 20 or synaptophysin 1. 
The immunostained preparations were colored by DAB. Some preparations were 
examined under a fluorescence microscope, in which Cy3 -conjugated secondary 
antibodies were used. 

Identification of Live Merkel Cells in Culture by Means of Staining with 
FMl-43 dye 

The methods of staining live Merkel cells with FMl-43 dye are described in an 
accompanying paper of this symposium (see Fukuda et al., this VoL). 



Results 

Growth of Sensory Nerve Fibers to Sinus Hair Follicles in Co-Cultures 

Figure 2 demonstrates a result of co-culture of a DRG and two hair follicles in 
collagen gel with serum-free medium supplemented with NGF (20 ng/ml) and 
NT3 (20 ng/ml) for 3 days. In order to visualize nerve fibers growing in the colla- 
gen gel, the co-culture preparation was immunostained against 160-kDa neuro- 
filament and colored by DAB. It could be seen that nerve fibers growing from the 
cut ends of distal and proximal nerves of the DRG change direction (open arrows) 
and then grow toward the follicle preparations. The result of this co-culture indi- 
cates that sensory nerve fibers regenerating from the DRG appear to be attracted 
by the follicular preparations. 

Nerve fibers from the trigeminal ganglion (TRG) also represent a growth pat- 
tern as if they are attracted by hair follicles (Fig. 3). Many nerve fibers from the 
TRG (from P3 rat) are seen to grow in a straight direction to a hair follicle of the 
same animal during co-culture for 3 days. A nerve fiber indicated by a filled arrow 
shows an apparent change of direction growing toward the hair follicle. On the 
surface of the hair follicle, a newly formed network of nerve fibers during the co- 
culture is seen. Many nerve fibers appear to grow circling the surface of the hair 
follicle while some leave the hair follicle in a straight manner (filled arrowheads). 
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Fig. 2. Growth of DRG fibers to superior enlargement of sinus hair follicles. A DRG and 
two hair follicles {HF) dissected from a P9 rat were co-cultured in collagen gel with NGF 
(20 ng/ml) and NTS (20 ng/ml) for 3 days. The preparation was immunostained against a 
160-kDa neurofilament and colored by DAB. Nerve fibers growing from the cut ends of 
both the proximal and distal nerves are seen to converge on the HF preparations grown in 
the collagen gel, the co-culture preparation was immunostained against a 160-kDa neuro- 
filament and colored by DAB. It can be seen that nerve fibers growing from the cut ends of 
distal and proximal nerves of the DRG change direction {open arrows) and grow toward the 
follicle preparations. The result of this co-culture indicates that sensory nerve fibers regen- 
erating from the DRG appear to be attracted by the follicular preparations 

In order to examine whether synapse-like structures were formed in co-culture, 
a co-culture preparation was immunostained against synaptophysin 1 that is 
known to be a protein located specifically in presynaptic nerve terminals. When an 
immunostained preparation in which the secondary antibody was conjugated with 
CyS was examined under a confocal laser microscope (Fig. 4), synaptophysin 1 
was seen enriched on the surface of a hair follicle (Fig. 4 A, arrowheads). In an im- 
age of its cross section constructed by a computer calculation (Fig. 4B), synap- 
tophsyin 1 (Ryan 2001) is seen condensed (arrowhead) on the surface of the hair 
follicle. These observations indicate that synaptic-like structures are likely to be 
formed on the hair follicle in co-culture. 

Identification of Merkel Cells in Hair Follicles 

Merkel cells are considered to be one of the candidate cells that cause attraction 
of sensory nerve fibers to hair follicles in co-culture. We thus examined whether 
Merkel cells were indeed present in hair follicles to which sensory nerve fibers 
converged. As we have demonstrated in a paper presented in this symposium (see 
Fukuda et al., this VoL), live Merkel cells are capable of incorporating FMl-43 
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Fig. 3. Newly formed innervation of sensory fibers to a sinus hair follicle. A shaft of a 
hair follicle from a P3 rat was co-cultured with a half-dome-shaped trigeminal ganglion 
(TRG) of the same animal in collagen gel for 3 days. Many nerve fibers (open arrows) can 
be seen to converge on the superior enlargement of the follicle preparation. Some nerve fi- 
bers (filled arrow) can be seen to turn their growing direction toward the hair follicle 

that has been well known to be a fluorescent dye incorporated into presynaptic 
nerve terminals during recycling of synaptic vesicles (Sudhof 2000). When a hair 
follicle was stained with FMl-43 dye, spindle-like cells representing yellow-green 
fluorescence (Fig. 5 A) under a fluorescent microscope are seen lined up on the 
surface of a hair follicle. 

In another hair follicle (Fig. 5B) whose Merkel cells were immunostained 
against cytokeratin 20 (Tachibana et al. 2000) and colored by Cy3, red-colored 
spindle-like cells were seen lined up in the hair follicle under a fluorescent micro- 
scope. Since cytokeratin 20 is known to be a protein specifically expressed in 
Merkel cells, they were concluded to be Merkel cells. 

Convergence of Sensory Fibers to Merkel Cells in Hair Follicles 

To examine the relationship between Merkel cells and sensory fibers that grew 
in a manner converging to the hair follicle, live Merkel cells in a co-culture prepa- 
ration were identified by FMl-43 dye. In this co-culture experiment, Merkel cells 
in a hair follicle were stained with FMl-43 in advance of the culture. When a co- 
culture preparation of a hair follicle and a DRG for 3 days in collagen gel with 
NGF and NT3 was examined under a phase-contrast view, many nerve fibers were 
seen to converge (open arrows) onto the superior enlargement of the hair follicle. 
When the same preparation was then examined under a fluorescence microscope, 
FM- 143 -containing Merkel cells were seen forming groups in several spots (filled 
arrows) on one side of the follicular preparation. In Figure 6a phase-contrast and 
fluorescence observations are superimposed. Convergence of sensory fibers can be 
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Fig. 4A, B. Three-dimensional view of distribution of synaptophysin 1 around a hair fol- 
licle innervated by DRG fibers during co-culture in collagen gel. A co-culture preparation 
of a hair follicle and a DRG in collagen gel was immunostained against synaptophysin 1 
and was colored by Cy3 conjugated with the secondary antibody. A Lateral view of an im- 
munostained hair follicle. Synaptophysin 1 immunostaining is enriched around the superior 
enlargement of the preparation {arrow). B Cross section of the hair follicle in A by means 
of a computer. Synaptophysin 1 immunostaining can be seen in the surface of the hair folli- 
cle preparation 

seen to the places at which the FM-dye-stained Merkel cells were enriched. Ac- 
cordingly, it was highly likely that Merkel cells in the hair follicles attracted sen- 
sory nerve fibers. 



Discussion 

The present co-culture study of sinus hair follicles and sensory ganglia in colla- 
gen gel demonstrates that the hair follicles represent the capability to attract sen- 
sory nerve fibers during incubation with serum- free medium containing NGF and 
NT3. The presence of a large number of Merkel cells in the region where the sen- 
sory nerve fibers made convergence growth was demonstrated by immunostaining 
against cytokeratin 20. It was also demonstrated that a synaptic- specific protein, 
synaptophysin 1, is enriched in nerve fibers that grow circling the superior 
enlargement. It was thus likely that synaptic structures were formed by newly 
grown sensory nerve fibers around the Merkel cell-rich areas of the hair follicles 
in the co-culture preparations. 
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Fig. 5A, B. Identification of Merkel cells in hair follicles by means of vital staining with 
FMl-43 and immunostaining against cytokeratin 20. A Merkel cells of a hair follicle of a 9- 
day-old rat stained vitally with FMl-43. FM-dye-stained Merkel cells were seen as spindle- 
like cells {arrows). B Merkel cells in a hair follicle of a 5 -day-old rat immunostained 
against cytokeratin 20 and colored by Cy3. They were seen as spindle-like cells indicated 
by arrows 

Fig. 6. Convergence of DRG fibers to FMl-43 -stained Merkel cells in a hair follicle. A 
hair follicle and a DRG were co-cultured in collagen gel with serum-free medium supple- 
mented with NGF and NT3 for 3 days. Merkel cells in the hair follicle were stained vitally 
with FMl-43 prior to co-culture. Under a phase-contrast microscope, nerve fibers from the 
DRG were seen to converge {white arrows) on the hair follicle. When the hair follicle was 
examined under a fluorescence microscope, FMl-43 -stained Merkel cells were clustering 
{black arrows) at several positions to which sensory nerve fibers converged. Some FMl- 
43 -stained Merkel cells were also seen located on the opposite side of the hair follicle 
{black arrowhead), to which no DRG fibers had grown 
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Involvement of Merkel cells in forming convergence growth of sensory nerve 
fibers to the superior enlargement was strongly suggested in our co-culture. The 
regions of the hair follicles to which the sensory nerve fibers converged were 
demonstrated to be enriched with Merkel cells by immunostaining against cy- 
tokeratin 20. The convergence of sensory nerve fibers was still observed even af- 
ter removal of connective tissues surrounding the hair follicle. Moreover, when 
Merkel cells were labeled by an FM dye in advance of co-culture, cells that con- 
tained the fluorescence dye were seen to aggregate in the areas to which sensory 
nerve fibers made the convergence type of growth. These observations strongly 
suggest that Merkel cells have a function of attracting sensory nerve fibers. 
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Summary 

Merkel cells express epithelial and neuronal markers. In the skin of snout and 
footpad of LI knock-out and wild-type mice, similar densities of Merkel cells 
were observed by immunohistochemistry. This result indicates that Merkel cells 
are independent of LI presence. 



Introduction 

Ll adhesion molecule (LI) is a 200-220 kDa type I membrane glycoprotein of 
the immunoglobulin superfamily expressed in a variety of neural and epithelial 
cells. It supports homophilic as well as integrin-mediated cell binding. Besides 
cell adhesion, it is involved in cell migration, and cell growth especially of neu- 
ronal cells. It has been shown to deliver signals for the growth and survival of neu- 
ronal cells. 

The neuroendocrine cells of mammalian skin, the Merkel cells (MC) are sup- 
posed to be epithelially derived, but they show both epithelial and neuronal mark- 
ers. They express cytokeratins (nos. 8, 18, 19, 20), desmosomal proteins and 
chromogranin A, neuron-specific enolase and various neuropeptides. Because of 
the importance of Ll for both epithelial and neuronal cells, we were interested in 
the existence of MC in Ll knock-out mice in comparison to wild-type mice. 



Material and Methods 

The skin of the snout and footpad of Ll knock-out and wild-type mice were 
frozen immediately after preparation and b-pm-thick cryostat sections were made. 
MC were localized by using antibodies against cytokeratin 18 and 20 (Fig. 1), as 
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Fig. 1. Indirect immunostaining on an acetone-fixed cryosection of a murine foot pad 
using monoclonal antibodies against CK18 (A, B) and CK20 (C, D) comparing wild-type 
mice (A, C) and LI knock-out mice (B, D). Arrows MC. Note the presence of MC in both 
wild-type and LI knock-out skin 

described by Moll et al. (1996), counted and estimated per mm^ of frozen section 
area. Primary antibodies were kindly provided by W.W. Franke and coworkers, 
German Cancer Research Center, Heidelberg. Tissues of LI knock-out mice were 
kindly provided by M. Schachner and coworkers, ZMNH, Hamburg (cf. Dahme et 
al. 1997). 



Results and Discussion 

We could identify MC in knock-out and wild-type mice with identical density 
in the foot pad (Fig. 2, left columns). The higher number of MC in the snout of 
wild-type mice compared to knock-out mice was not significant (Fig. 2, right col- 
umns). 

The very similar numbers of MC in the skin of LI knock-out and of wild-type 
mice strongly argue for a regular fetal development of MC in the absence of LI. 

LI provided by nerves may not be a prerequisite for their development. This is 
in accordance with former data which have shown the presence of MC in murine 
epidermis clearly before cutaneous nerves are present (Pasche et al. 1990). 

The same is true for human epidermis; MC are detectable around fetal week 8 
without any cutaneous nerves in their neighbourhood (Moll et al. 1996). However, 
it still remains to be clarified whether LI is important for homeostasis and func- 
tion of MC and their synapses in later life. This shall be elucidated in future ex- 
periments. 
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Fig. 2. Number of Merkel cells/mm^ in snout and foot pad of LI knock-out mice in 
comparison to wild-type mice. MC were localized by antibodies against CK20, counted and 

estimated per mm^. We identified MC in both wild-type and knock-out mice. The numbers 
of MC in foot pads of wild-type and knock-out mice were similar. The higher number of 

MC/mm^ in the snout of wild-type in comparison to LI knock-out mice was not significant 
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Summary 

While the structure of the vibrissal follicle-sinus complex (FSC) is best de- 
scribed in terrestrial mammals, most of our understanding of the functional sig- 
nificance of vibrissae stems from studies on marine mammals. This review fo- 
cuses on functional aspects of the conspicuously well innervated vibrissae of 
pinnipeds that enable the animals to forage under conditions where sight is re- 
duced As in rats and sirenians, the vibrissae of pinnipeds are designed for the re- 
ception of tactile information, which the animals receive through physical contact 
of the hairs to an object. Using this so-called haptic sense, the animals are capable 
of identifying the size, shape and surface structure of an object. The performance 
of pinnipeds on such tasks is comparable to the prehensile hands of some primate 
species and may help them when foraging at the sea bottom. Further studies dem- 
onstrated that the vibrissae of seals are also highly sensitive to minute water 
movements and thus form a hydrodynamic receptor system like the lateral line of 
fish. Contrary to the accepted view that hydrodynamic object detection works only 
over short distances, these studies have shown that seals can locate distant objects 
by hydrodynamic trail-following. These results establish a new system for spatial 
orientation in the aquatic environment that can explain successful feeding of pin- 
nipeds in dark and murky waters. 



Appearance of Vibrissae in Marine Mammals 

The occurrence and distribution of vibrissae or sinus hairs in marine mammals 
is diverse (Ling 1977). Baleen whales, for instance, possess about 100 very thin 
vibrissae (ca. 0.3 mm in diameter) around the blowholes and along the lower and/ 
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Fig. 1. Schematic diagram of a longitudinal section of a mystacial vibrissae of the ringed 
seal {left) and the rat {right). A Arterio-venous anastomoses, UCS upper cavernous sinus, 
ORS outer root sheath, G glassy membrane at the surface of the basal cell layer of the outer 
root sheath, RS ring sinus, RW ringwulst, LCS lower cavernous sinus, A nerve bundle pene- 
trating the capsule {C) 

or upper jaw. Most odontocetes lose these tactile hairs postnatally (Ling 1977), 
whereas species belonging to the order Sirenia possess vibrissae all over the body 
(Keep et al. 1998, 2001). In pinnipeds, the facial vibrissae can be divided into the 
mobile mystacial vibrissae on the muzzle, the immobile supraorbital vibrissae 
(above each eye), and rhinal vibrissae (only in phocid seals) vertically situated on 
the back of the muzzle. 
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With respect to the structure of the hair shaft, the vibrissae of phocid seals show 
an interesting differentiation. While vibrissal hair shafts of the bearded seal {Erig- 
nathus barhatus) and the monk seals (Monachus spp.) are oval in diameter and 
smooth in outline, those of all other phocid species are extremely flattened and 
have waved surfaces (Watkins and Wartzok 1985; Hyvarinen 1989; Dehnhardt 
and Kaminski 1995). These differences in hair structure are suggested to be me- 
chanical adaptations to the signals the hairs receive and transmit to the receptors 
within the hair follicle (Dehnhardt and Kaminski 1995). 



structure and Innervation of Vibrissal Follicles in 
Pinnipeds 

Although the basic morphology of the vibrissal follicle-sinus complex ("FSC", 
Rice et al. 1986) of pinnipeds compares well to that of FSCs of most terrestrial 
mammals, differences in FSC size, the structure of the sinus system as well as the 
degree and pattern of innervation have been described, which may reflect differ- 
ences in sensitivity and function. 

The first apparent and striking feature of the FSCs of pinnipeds is their remark- 
able size (Fig. 1). A comparison of pinniped FSCs (which can measure up to 
2 cm) with those of terrestrial mammals (e.g., in the leopard Panthera pardus, a 
species of comparable body size, FSCs are 6.5 mm long, Dehnhardt et al. 1999) 
suggests that FSC size is not merely determined by body size, but has to be con- 
sidered as a morphological parameter of its own adaptive significance. 

In contrast to the bipartite blood sinus of most terrestrial mammals (Andres 
1 966) composed of a ring sinus close to the apical end of the follicle and a cavern- 
ous sinus located below it, the FSCs of pinnipeds (Zalophus californianus, 
Stephens et al. 1973; Phoca hispida, Hyvarinen and Katajisto 1984; Hyvarinen 
1989) possess an upper cavernous sinus that takes about 60% of the total length of 
the follicle (Fig. 1). The ring sinus area, where most mechanosensitive receptors 
are located, is inserted much deeper in the capsule than in terrestrial mammals. 

At the level where the deep vibrissal nerve is passing through the capsule, the 
number of nerve fibres of the ringed seal {Phoca hispida, Hyvarinen and Katajisto 
1984; Hyvarinen 1989) exceeds that calculated for terrestrial species like the rat 
(Rice et al. 1986) by a factor of 10 (1600 vs. 160). This difference in innervation 
density is the same for the different mechanoreceptors located in the area of the 
ring sinus (Hyvarinen 1989; Halata 1993). Although the number of Merkel cell- 
neurite complexes (MCs, 10-20,000 per FSC) makes it clear that this is by far the 
dominating sensory element, there are also encapsulated end-organs (lanceolate 
endings, 1000^000 per FSC; lamellated endings, 100-^00 per FSC) and numer- 
ous small free nerve endings in the ring sinus and the lower cavernous sinus area. 

In the entire upper cavernous sinus, no sensory elements can be found. From 
the level of the ringwulst to the beginning of the upper cavernous sinus, MCs are 
situated below the glassy membrane in the basal cell layer of the outer root sheath 
(Fig. 2). All of these MCs are contacted by nerve terminals. 
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Fig. 2. Light micrographs of the ring sinus area. Merkel endings are situated below the 
glassy membrane (G) in the basal cell layer of the outer root sheath, while the lanceolate 
nerve endings (L) are on the surface of the glassy membrane. The liquid-filled cleft (Q 
lines the Merkel endings. Left Type 1 Merkel cells {M) are quite narrow. Right Type 2 
Merkel cells are large and rounded. The nerve endings are indicated by arrows 



The Functional Significance of Mystacial Vibrissae 

The functional significance of vibrissae remained obscure for a long time. Re- 
sults from single unit recordings at the infraorbital branch of the trigeminal nerve 
of harbor seals and grey seals suggested that these tactile hairs are primarily de- 
signed for the reception of tactile information which the animals receive through 
physical contact of the vibrissae to objects in the environment (Dykes 1975). Such 
active touch achievements are a function of the so-called haptic sense, integrating 
cutaneous mechanosensation as well as kinaesthetic information (Gibson 1962; 
Loomis and Lederman 1986). 

The different types of facial vibrissae of manatees and dugongs form a haptic 
system unique among marine mammals. Manatees use their vibrissal-muscular 
complex, consisting of the rigid perioral vibrissae and the muscular lips, to grasp 
and bring food into the oral cavity when feeding on submerged vegetation (Mar- 
shall et al. 1998). Bachteler and Dehnhardt (1999) demonstrated that manatees use 
the thin bristle-like vibrissae of the oral disc for the discrimination of textured sur- 
faces. This is consistent with the results of Marshall et al. (1998), suggesting that 
the bristle-like hairs of the oral disc are involved in the tactile exploration of ob- 
jects. 

In accordance with the neurophysiological results obtained by Dykes (1975), 
psychophysical experiments have shown that, similar to manatees, pinnipeds are 
capable of identifying the size, shape and surface structure of an object by active 
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Fig. 3. Psychometric functions of performance of two harbor seals discriminating 
grooved surfaces by active touch. The seals were required to choose the standard stimulus 
{vertical arrow) in each stimulus combination. The vertical dashed line indicates the size of 
the interpolated comparison stimulus at threshold (75% correct choices). Each data point 
represents the result of at least 40 decisions. The infrared thermogram shows the typical 
distribution of temperatures measured on the surface of a seal's face immediately after the 
animal had left water of approximately 1 °C 

touch with their mystacial vibrissae (Kastelein and van Gaalen 1988; Dehnhardt 
1990 1994; Dehnhardt and Kaminski 1995; Dehnhardt and Ducker 1996; 
Dehnhardt et al. 1997, 1998a). In the California sea lion, tactile shape recognition 
is as fast and reliable as by vision. Vibrissal size discrimination capabilities in 
harbor seals are comparable to those of the prehensile hands of some primate spe- 
cies (Carlson et al. 1989) and comes close to the visual resolving power of pin- 
nipeds. 

In their aquatic environment marine mammals allow their outermost tissue lay- 
ers to cool down close to ambient temperature (Kvadsheim et al. 1997). While in 
humans a decrease in skin temperature leads to severe deterioration of tactile sen- 
sitivity (Green et al. 1979; Gescheider et al. 1997), the ability of harbor seals to 
discriminate textured surfaces remains unaltered under different thermal condi- 
tions (Dehnhardt et al. 1998a; Fig. 3). Even at water temperatures of about 1 °C, 
the seals achieved Weber fractions of 0.09. Infrared thermography revealed that, 
contrary to the dictate of thermal economy, the mystacial and supraorbital vibris- 
sal pads of harbor seals are areas of excessive heat loss (Fig. 3). Thermally clearly 
defined against the rest of the head, the high temperatures measured at the surfaces 
of vibrissal pads vividly demonstrate that in these sensory areas no vasoconstric- 
tion occurs during cold acclimation, indicating a separate vibrissal blood circula- 
tion. Selective heating of vibrissal pads is suggested to be a function of the upper 
cavernous blood sinus (see Fig. 1), which is free of receptors and thus may primar- 
ily serve as a thermic insulator for the receptor area below it (Mauck et al. 2000). 

Observations in the wild suggest that sea lions {Otaria byronid) and walruses 
use the haptic function of their vibrissae when foraging at the sea bottom (Lindt 
1956; Fay 1982). The question remains whether vibrissae could provide sensory 
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Fig. 4. Detection of water movements by the harbor seal. At the beginning of a trial the 
hoop station was above the water surface, where the seal was stationed and supplied with 
eye caps and head phones, or, during whisker-exclusion tests, with a muzzle of wire mesh. 
Then the hoop was submerged with the seal to the final test position. The seal was trained 
to correct the position of its lower jaw whenever it lost contact with the knob of the jaw sta- 
tion. The behavioral displacement thresholds (50% correct decisions) in terms of the veloc- 
ity of sinusoidal water movements are typical for a hydrodynamic receptor system 

information for the detection of pelagic fish. In the aquatic environment, one uti- 
lizable source of sensory information consists of water disturbances, inevitably 
caused by any moving organisms. Hydrodynamic sensory systems, like the lateral 
line of fish, have evolved many times in aquatic animals (Bleckmann 1994). That 
the vibrissae of harbor seals also function as a hydrodynamic receptor system has 
been demonstrated with a technique commonly used to study the fish lateral line 
(Dehnhardt et al. 1998b). Water movements (10-100 Hz) were generated with a 
constant volume oscillating sphere positioned 5-50 cm in front of the vibrissae of 
a harbor seal (Fig. 4). The shape of the tuning curve obtained for a harbor seal 
(Fig. 4) is similar to those determined for other aquatic animals equipped with a 
hydrodynamic sense (Bleckmann 1994), and characterizes the vibrissae as a hy- 
drodynamic receptor system with a spectral sensitivity well tuned to the frequency 
range of fish-generated water movements. 

The accepted view is that hydrodynamic object detection works only over short 
distances as, for instance, during the final stage of prey pursuit of seals. Particle 
velocities attenuate rapidly with distance from the flow field-generating source. 
However, the wake behind a swimming fish shows a vortex structure (Fig. 5) with 
particle velocities above the threshold of most hydrodynamic receptors several 
minutes after the fish has passed by. Thus, a swimming fish can leave a hydrody- 
namic trail of considerable length that a piscivorous predator might use for long- 
range prey detection Hanke et al. (2000). To find out whether seals can locate dis- 
tant objects by hydrodynamic trail- following, Dehnhardt et al. (2001) used a 
miniature submarine for the generation of hydrodynamic trails and visualized and 
measured them by particle image velocimetry (PIV). Measurements showed that 
the submarine's trail was a narrow street of turbulent water movements containing 
water velocities in the same order of magnitude as velocities calculated for the 
wake of a fish of 30-cm body length. Linear hydrodynamic trails as well as trails 
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Fig. 5. The arrangement of mystacial vibrissae allows this ringed seal to perform multi- 
ple point measurements of the water movements in the wake of a swimming fish. This way 
it can obtain information about the three-dimensional vortex structure of water movements. 
The single frame taken from video recordings shows a trial with a hydrodynamic trail con- 
taining a right-hand curve 

containing unpredictable changes were of course generated. When the blindfolded 
seal was signaled to search for the submarine, it immediately submerged and pro- 
tracted the vibrissae to the most forward position. The animal turned onto the 
submarine's course as soon as it intersected the hydrodynamic trail and exactly 
followed it to the final position of the submarine. These results establish a new 
system for spatial orientation in the aquatic environment that might help explain 
successful feeding of pinnipeds in dark and murky waters. 
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Summary 

Three-dimensional morphology of the Merkel innervation in very thick sections 
of the cat mystacial vibrissa follicles as well as in whole mounted tissues were 
demonstrated by using a confocal laser microscope with a powerful analyzing sys- 
tem for reconstruction. A sheet of densely arranged Merkel nerve endings usually 
having scattered gaps, was observed at the level of the ring sinus around a large 
sized follicle. The number of all Merkel nerve terminal disks was roughly esti- 
mated at about 3200 in the follicle. The gaps may suggest plasticity among the 
Merkel innervation. 



Results and Discussion 

Vibrissa follicle-sinus complexes (FSCs) are exceptionally well-innervated, 
important tactile organs on the mystacial pads of most mammals (Rice et al. 
1993). At least eight distinct endings including two kinds of Merkel innervation, at 
the mouth of the follicle and at the level of the ring sinus were clearly discrimi- 
nated in the rat and cat FSCs by using confocal laser scanning microscopy 
(CLSM; Ebara et al. 2002). Recently, we developed a whole mount technique in 
order to observe the full innervation around the FSCs. In this study, we focused on 
the ring sinus Merkel innervation in the cat large FSCs and demonstrated the 
three-dimensional (3D) structures by using mainly the anti-protein gene product 
9.5 antiserum as neuronal markers. Abundant CLSM stack images taken from the 
whole mounted FSCs by rotating around the shaft as well as from the 100- 
200 pm-thick sections were made into 3D reconstructions by using a worldwide- 
first highly sophisticated application, VG StudioMax 1.1 software (Volume 
Graphics, Germany). We could easily analyze and understand the detailed 
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Fig. la-c. PGP immunopositive innervation in a 150- pm- thick section of cat FSC (#2 of 
row D). Merkel nerve endings situated in the outer root sheath were pseudo-colored in red. 
a View from the side of the vibrissal shaft, b Back view of the middle part of a. c Left side 
view of b. A large caliber nerve fiber branches twice {open arrows), each branch penetrates 
the glassy membrane {GM) and terminates as the Merkel terminal disks {asterisks). Dis- 
torted and/or faintly labeled endings result in gaps in the total distribution of the endings 
{yellow areas', cf. Fig. 2). Including these irregular endings, the number of all endings was 
about 592 in a. The dashed line indicates the position of the ring wulst {Rw). L Lanceolate 
endings, C club-like ring-wulst endings 

morphology in spite of the highly complicated structure of innervation that is dis- 
tributed in a very thin layer of the follicle (external root sheath) which is overlaid 
by a layer of dense lanceolate innervation in the mesenchymal sheath. 

In three dimensions, we could discriminate and segment all Merkel nerve end- 
ings that are situated in the external root sheath in both images taken from a thick 
sectioned FSC and a whole mounted FSC (Figs. 1, 3). The distal ends of the 
Merkel terminal nerve fibers ascending in the mesenchymal sheath penetrated the 
glassy membrane (GM) to form mushroom cap-like terminal disks on Merkel 
cells. Merkel cells were also labeled with anti-PGP, but usually appeared very 
faintly. Morphologically remarkable differences of Merkel innervation at the level 
of the ring sinus between different species were suggested to have different func- 
tional properties (Figs. 1, 2; cf Ebara et al. 2002). 





Merkel cell innervation in cat vibrissae 



139 




Fig. 2. a, b Reconstruction of Merkel innervation of dashed square in Fig. la. b A pro- 
jection view of several identical slice images of the middle portion of a. Each Merkel ter- 
minal nerve fiber {solid lines in a and black dotted lines in b) penetrates the GM {black 
small circles) and provides a grid-like territory {dashed contours in a) containing 15-30 
Merkel terminal disks (M in b, ovals in a) connected in series by thin processes {white ar- 
rows). In contrast to haphazard terminations in the rat, the Merkel nerve fibers in the cat 
FSC were usually en passant branches whose terminal grids were immediately adjacent to 
each other along the long axis of the follicle. Distorted or faintly labeled Merkel cell-nerve 
endings {white arrow heads in b, dotted ovals in a) are observed all together in small areas. 
Interestingly, the second kind of fibers were observed approaching the irregular areas 
{white dotted lines), c Anti-PGP with DAB immunocytochemistry in a 200-pm-thick sec- 
tion of the cat FSC. The Merkel afferent {open arrowheads) is surrounded by cell processes 
originating from the cell body of the podocyte-like terminal Schwann cell (iS) 
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Fig. 3a, b. A PGP-immuno-labeled full innervation at the level of the ring sinus around 
the cat large FSC (#1 of row D). b depicts eight confocal images taken from a whole 
mounted FSC by using a 20x objective lens, a is the result of segmentation and montage of 
about 20 images (60x) of only Merkel nerve endings of the upper third of b. About 1630 
endings were in a. Longitudinal dashed lines indicate the same position of the FSC. The 
ring wulst (i?w) is situated below the curved dashed line. Ovals Irregular areas of Merkel 
nerve endings at the upper level of the RS, small white circles in b; terminal points of the 
Merkel nerve fibers adjacent to the GM 

The density of the Merkel nerve endings in a thick section of large sized FSC 

(#2D) is 0.30 endings per 100 \ivc? (Fig. 1). At a rough estimate, the density was 
about three times higher at the upper third of the ring sinus than the lower third, 
namely the level of the ring wulst. Although some endings were present, nerve fi- 
bers scarcely terminated to the lower level (Figs. 1, 3). By using a whole mount 
technique, we could see almost all of the Merkel innervation surrounding the 
whole follicle of another large FSC (#lD;(ig. 3). By counting all terminal disks at 

the level of the upper third of the ring sinus (density; 0.25 per 100 pm^ uniformly 
in the area), about 3200 endings were roughly estimated around the follicle. This 
is consistent with a previous study that estimated the number of Merkel cells at 
about 3000, even in a small FSC (Gottschaldt and Vahle-Hinz 1981). However, 
they only observed that 50-70% of the cells were innervated. 

Interestingly, we routinely found scattered sites around the follicle where one 
or two kinds of fiber approached or penetrated the GM, but only formed a few dis- 
torted and/or faintly labeled endings resulting in gaps in the total distribution of 
Merkel disks around the follicle (Figs. 1, 2a,b, 3). The gaps were scattered on the 
follicle. Several gaps had a tendency to be arranged along the long axis of the fol- 
licle. These observations may suggest a plasticity among the Merkel innervation. 
Surprisingly, at least in the cat, some unique terminal Schwann cells had thin 
processes resembling podocytes that sheath the terminal tips of Merkel afferent fi- 
bers (Fig. 3). Almost all Merkel afferent terminal fibers in the cat were recognized 
to be surrounded by a few terminal Schwann cells that clearly were SIOO- 
immuno-positive . 
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Summary 

Previous studies have demonstrated the existence of voltage-dependent Ca^“^ 
channels in the membrane of Merkel cells. In order to investigate which categories 

of Ca^“^ channels are involved, we examined the changes in the fluorescence ratio 
of single isolated Merkel cells loaded with fura-2 during 334/380 nm excitation. 
Cells were depolarized with a solution of high KCl concentration (100 mM), 

known to open voltage-dependent Ca^"^ channels. A transient increase in the fura- 
2 334/380 nm excitation ratio which occurred in Merkel cells was induced by 
100 mM KCl. The results suggest that voltage-dependent L-type, N-type and P/Q- 

type Ca^"^ channels exist in most Merkel cells. However, the number of voltage- 
dependent N-type Ca^“^ channels in Merkel cells appears to be smaller or variable 
in comparison with the other types of Ca^“*" channels. 



Introduction 

The Merkel cells-neurite complex that exists in the hamster cheek touch domes, 
are similar to those observed in the touch dome from primate hairy skin (Iggo and 
Muir 1969), thus they are considered to behave as slowly adapting type I mech- 
anoreceptors (Tazaki and Iggo 1995). It has been hypothesized that Merkel cells 
from the Merkel cells-neurite complex are mechano-electric transducers (Iggo and 

Findlater 1984), based on the fact that voltage-dependent Ca^“^ channels (VDCCs) 
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exist on the Merkel cell membrane (Yamashita et al. 1992; Chan et al. 1996). 
However, in previous studies concerning the classification of VDCCs, there are 
still some aspects that need to be discussed (Yamashita et al. 1992; Chan et al. 
1996). In the present study, the categories of VDCCs were investigated with spe- 
cific blockers using microfluorimetric techniques in isolated single Merkel cells 
from hamster cheek touch domes. 



Materials and Methods 

In order to investigate the categories of VDCCs, isotonic highly concentrated 
potassium chloride solution (100 mM KCl; depolarizing stimulation) was applied 
to single Merkel cells using the Y-tube method and changes in fura-2AM 
334/380 nm excitation ratio of single Merkel cells were observed. The excitation 
ratio for 100 mM KCl after applying each channel blocker was compared with the 
excitation ratio (control ratio) for 100 mM KCl before application of the channel 
blocker. 



Results and Discussion 



L-Type Ca^"*" Channels 

The effects of (+)-Bay K 8644 (50 pM) which is an L-type VDCCs blocker 
(Chan et al. 1996) were tested and are shown in Fig. 1. A transient increase in the 
fura-2 334/380 nm excitation ratio which occurred in Merkel cells was induced by 
100 mM KCl (first black bar). Superfusion of (+)-Bay K 8644 (clear bar) showed 
a decrease in the fura2-AM 334/380 nm excitation ratio for the control ratio. The 
decrease in fura2-AM 334/380 nm excitation ratio was 39.2±6.4% (mean ± SE, 
range 12.3-68.1%, /7=S). After washing out the (+)-Bay K 8644, a recovery of the 
fura2-AM 334/380 nm excitation ratio to 100 mM KCl (third black bar) was ob- 
served. These results suggested that the L-type VDCCs exist in the Merkel cells 
membrane. 

N-Type Channels 

The effects of co-ConotoxinGVIA (1 pM) which is an N-type VDCCs blocker 
(Chan et al. 1996) were tested and shown in Fig. 2. Superfusion of co- 
ConotoxinGVIA (clear bar) showed a decrease in the fura2-AM 334/380 nm exci- 
tation ratio for control ratio. The decrease in fura2-AM 334/380 nm excitation ra- 
tio was 13.9±0.02 % (mean±SE, range 3.0-28.4%, n=18). These results suggested 
that the N-type VDCCs exist in the Merkel cells membrane. However, only 18 of 
25 Merkel cells (72%) examined showed a decrease in the calcium signal as men- 
tioned above, while in 28% of the Merkel cells (7 out of 25 cells) application of (d- 
ConotoxinGVIA had no effect. Thus, it appears that the number of N-type VDCCs 
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Fig. 1. Effect of (+)-Bay K 8644 (50 |liM) in the intracellular influx of extracellular 
Ca^"^. Clear bars indicate the superfusion of (+)-Bay K 8644, black bars KCl 
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Fig. 2. Effect of co-ConotoxinGVIA (1 pM) in the intracellular influx of extracellular 
Ca^”^. Clear bars indicate the superfusion of co-ConotoxinGVIA, black bars KCl 




Fig. 3. Effect of co-AgatoxinlVA (1 pM) in the intracellular influx of extracellular Ca^^. 
Clear bars indicate the superfusion of co-AgatoxinIVA, black bars KCl 
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in Merkel cells is smaller or variable in comparison with the other types of Ca^“^ 
channels. Further studies regarding the N-type VDCCs will be required. 

P/Q-Type Ca^"*" Channels 

The effects of co-AgatoxinIVA (1 pM) which is a P/Q-type VDCCs blocker 
(Cruz et al. 1987) were tested and shown in Fig. 3. Superfusion of co- 
AgatoxinlVA (clear bar) showed a decrease in the fura2-AM 334/380 nm excita- 
tion ratio for control ratio. The decrease in fura2-AM 334/380 nm excitation ratio 
was 27.5±0.04% (mean ± SE, range 8. 7^6. 7%, n=\2). These results suggested 
that P/Q-type VDCCs exist in the Merkel cell membranes. 

Although some studies have mentioned that L- or N-type VDCCs do not exist 
in Merkel cell membrane (Chan et al. 1996), in the present study based on the re- 
sults of several investigations, it is suggested that L-type VDCCs actually exist in 
Merkel cell membrane (Yamashita et al. 1992). This study is also the first report 
regarding the existence of P/Q-type VDCCs in Merkel cell membranes. 
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Summary 

The function of the Merkel cell (MC) is still enigmatic. Immunohistochemi- 
cally, we investigated the localization of signal transduction proteins in MC-axon 
complexes. Axon terminals connected to MCs in the skin and oral mucosa of the 
rat and monkey showed positive immunoreactivities for Gao, Gai-1 and Gas, 
whereas Gai-, Gao-, Gaq-, Gas- and Gaz-like immunoreactions were localized 
on MCs of both animals. Since Gaq is known to couple with group 1 me- 
tabotropic glutamate receptors and activate beta-type phospholipase C, we immu- 
nohistochemically investigated the localization of these substances in rat MCs. It 
was found that MCs express mGluR5-like immunoreactions. However, intensely 
positive immunoreactions for PLCp4 were found to be localized in type 1 sensory 
nerve terminals connected to MCs, but not in MCs themselves. 



Introduction 

The Merkel cell (MC)-axon complex has been shown to be involved in the re- 
ception of mechanical stimuli applied to the skin and oral mucosa (Iggo and Find- 
later 1984; Ogawa 1996). However, the function of the MC in the complex is still 
controversial, though two possible functions, the mechanical transduction function 
and neuromodulatory function, have been proposed. We have recently shown that 
adult mammalian oral mucosa usually contains two subtypes of MCs, noninner- 
vated and innervated subtypes (Tachibana et al. 1997, 1998). However, it is not 
known whether these two subtypes of MCs have different functions. 

The localization of various kinds of potential candidates for neurotransmitters 
or neuromodulators, such as ATP, serotonin and various kinds of neuropeptides 
including opioid peptides, substance P, VIP and CGRP, in MCs has been histo- 
chemically demonstrated (Hartschuh et al. 1986; Tachibana 1995). However, little 
is known about the localization of the membrane receptors for these substances in 
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the MC-axon complex. Although recent advances in gene cloning techniques have 
made it possible to produce antibodies for various kinds of membrane receptors, 
the existence of many kinds of subtypes of receptors for one kind of neurotrans- 
mitter substance makes it difficult to immunohistochemically investigate unknown 
membrane receptors. 

Most of the neurotransmitter-like substances in MCs, for which the localization 
in the cells has been demonstrated, are thought to act on target cells via seven- 
transmembrane receptors coupled to heterotrimeric GTP-binding proteins (G pro- 
teins). The alpha subunits of the G proteins, which include various isoforms, are 
responsible for the GTPase activity and the mediation of intracellular signal trans- 
duction pathways (Morris and Malbon 1999). Therefore, we immunohistochemi- 
cally studied the expression patterns of G protein alpha subunit isoforms in the 
MC-axon complex and noninnervated MCs. We found that MCs express immuno- 
histochemical reactions for Gai-1, Gao, Gaq, Gas and Gaz, irrespective of their 
innervation. We also found that axon terminals in the MC-axon complexes express 
Gao-, Gai- and Gas-like immunoreactions (Tachibana et al. 2001). 

Fagan and Cahusac (2001) have recently suggested on the basis of the results of 
their electrophysiological studies that glutamate acts as a neurotransmitter in the 
MC-axon complex. Although glutamate receptors are not the seven- 
transmembrane type, the Gaq isoform we found in MCs is known to couple to 
group 1 subtypes of metabotropic glutamate receptors (mGluRs) and activate beta- 
type phospholipase C (PLCP; Lee et al. 1992; Pin and Duvoisin 1995). Therefore, 
we also immunohistochemically investigated the localization of subtypes of group 
1 mGluRs and PLCPs in MCs in sinus hair follicles and the hard palate of the rat. 



Immunohistochemically Determined Localization of G 
Protein Alpha Subunit Isoforms 

Materials and Methods 

Paraffin-embedded and frozen sections of whisker pads and palatine mucosae 
of rats and paraffin-embedded sections of the monkey lip and buccal mucosa were 
used for this study. Tissues were fixed in 4% paraformaldehyde dissolved in 
phosphate buffer (pH 7.2) or in Zamboni's fixative by intraventricular perfusion. 
Polyclonal antibodies to Gao, Gai-1, Gai-3, Gaq, Gas and Gaz subunits were 
purchased commercially and applied by immunoperoxidase and immunofluores- 
cence techniques. To ascertain the localization of MCs, sections prepared for im- 
munofluorescence were doubly labeled using a monoclonal antibody to cy- 
tokeratin 20 (CK20) and polyclonal antibodies to Ga subunit isoforms. The 
doubly labeled specimens were observed under a confocal laser scanning micro- 
scope. 




Localization of Signal Transduction Proteins in the Merkel Cell Axon Complex 149 




Gao+CK ^ 


CK20 ^ 


Gao 




<9 


K 


fi 


rf 










i 


i 




m 


4 

le pH 


A 











Fig. 1. Confocal laser scanning microscope images of the skin of the rat whisker pad (A) 
and the rat sinus hair follicle (B) double-labeled with antibodies to cytokeratin (CK) 20 and 
Gao. Merkel cells in the epidermis and follicular epithelium and nerve fibers in the dermis 
and epidermis are labeled with anti-Gao antibody. Note that Gao-reactive axon terminals 
are in close contact with MCs {arrowheads) 

Results 

All CK 20-immunoreactive MCs in the epidermis and sinus hair follicles of the 
rat and monkey tissues were positively stained with anti-Gao antibody (Fig. lA, 
B). Most MCs in the rat whisker pad and the monkey tissues co-existed with nerve 
terminal-like structures that were also immunoreactive to anti-Gao (Fig. lA, B). 
However, many CK20-immunoreactive MCs in the rat palatine mucosa did not 
have apposition of nerve terminal-like structures. Nerve fibers with thin and thick 
calibers and their terminals in the rat and monkey tissues also showed a strong af- 
finity to the anti-Gao antibody (Fig. lA, B). The intensities of all of these Gao- 
like immunoreactions were diminished in control incubation using pre-adsorbed 
antibody solution. 

Although CK 20-immunoreactive MCs and associated axon terminals in the 
monkey tissues were also immunoreactive for anti-Gai-1 and -Gas antibodies 
(Fig. 2), similar structures in rat tissues showed capricious reactions to these anti- 
bodies. In contrast, MCs in the rat and monkey tissues consistently showed strong 
positive immunoreactions for Gaq and Gaz (Fig. 3). Intensities of these reactions 
were diminished in control incubations using pre-adsorbed antibody solutions. 
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Fig. 4. Confocal laser scanning microscope images of the rat sinus hair follicle double- 
labeled with antibodies to COO {clear white) and mGluR5 {dark white) (A). Note that the 
positive mGluR5-like reactions in MCs are diminished when anti-mGluR5 was substituted 
with PBS (B) 

Fig. 5. Confocal laser scanning microscope images of the rat sinus hair follicle double- 
labeled with antibodies to COO {clear white) and PLCp4 {dark white). Positive PLCp4- 
like immunoreactions are seen on nerve fibers and their terminals, but not on MCs 



Immunohistochemically Determined Localization of 
mGluRS and PLCp4 

Materials and Methods 

Frozen and paraffin-embedded sections of paraformaldehyde-fixed whisker 
pads and palatine mucosa of the rat were used for this study. Polyclonal antibodies 
to mGluRla, mGluRSa, PLCpl, PLCP2, PLCpS and PLCp4 were purchased 
commercially and applied to the above sections by immunoperoxidase and im- 
munofluorescence techniques. 

Results 

Of the two kinds of antibodies to group 1 mGluR, only anti-mGluR5a was reac- 
tive for cells in the outermost layer of the epithelium at the neck portion of sinus 
hair follicles and some cells distributed in the basal layer of the palatine epithe- 
lium. Double labeling confocal laser scanning microscopy revealed that the 
mGluR5-like immunoreactions occurred in CK 20-immunoreactive MCs 
(Fig. 4A). Although MCs in sections incubated in PBS instead of anti-mGluR5 an- 
tibody solution showed negative immunoreactions (Fig. 4B), we did not perform 
control incubations using pre-adsorbed antibodies because it was difficult to ob- 
tain an antigen protein. 
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Among the four antibodies to PLCP isozymes used in this study, only anti- 
PLCp4 antibody was reactive for the outermost layer of sinus hair follicular epi- 
thelium. However, unexpectedly, a double labeling immunofluorescence tech- 
nique revealed that the PLCp4-like immunoreactions occurred in nerve fibers and 
their terminals connected to MCs, but not in MCs themselves (Fig. 5). Although 
we did not ascertain the reliability of these reactions using pre-adsorbed antibod- 
ies, cerebellar Purkinje cells of the rat used for a positive control were also posi- 
tively stained with the anti-PLCp4 antibody. 



Discussion 

Two possible functions of MCs in cutaneous type I mechano- sensory receptors, 
i.e., MC-axon complexes, have been suggested. One speculation is the idea that 
MCs act as mechanical transducers (Iggo and Findlater 1984; Ogawa 1996) and 
the other is that MCs act as modulators or trophic supporters for nerve terminals 
(Mills and Diamond 1995). Although there have been various physiological find- 
ings supporting the former speculation (Akaike and Yamashita 1995; Tazaki and 
Iggo 1995; Baumann et al. 1996; Chan et al. 1996), little is known about the signal 
transduction pathways in the receptor. 

The results of our immunohistochemical studies indicate the possible existence 
of Gao, Gai-1 and Gas in the axon terminals of type I mechanoreceptors, though 
the presence of the latter two molecules in the rat is not clear. Of these alpha sub- 
units, Gao and Gai are known to suppressively regulate cellular actions via reduc- 
tion of adenylyl cyclase activity or closure of Ca^“^ channels (Morris and Malbon 
1999). Since G proteins containing these kinds of alpha subunit isoforms are 
known to couple to opioid and serotonin receptors (Morris and Malbon 1999), it is 
possible that these substances so far identified in the MC act as neuromodulators. 
However, the immunohistochemical expression of Gas-like reactions in axon ter- 
minals of type I mechanoreceptors of the monkey suggests that MCs also act as 
mechanical transducers, because the action of the Gas isoform is the opposite to 
that of Gao and Gai (Morris and Malbon 1999). 

In our immunohistochemical study, MCs themselves also expressed immuno- 
reactions for five kinds of alpha subunit isoforms of G proteins: Gao, Gail, Gaq, 
Gas and Gaz. The Gao, Gai and Gaz subunit isoforms belong to the Gi family of 
proteins, which mainly suppress cellular actions, whereas the Gas isoform be- 
longs to the Gs family of proteins, which have actions opposite to those of Gi fam- 
ily proteins, as mentioned above. The presence of many kinds of Ga-subunit iso- 
forms in MCs suggests that the metabolism and actions of these cells are regulated 
by neurotransmitters or hormones. The contents of MC granules may act on MCs 
themselves by autocrine mechanisms. 
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The Gaq subunit couples to mGluRs and regulates the intracellular Ca^“^ con- 
centration via the activation of phosphoinositide-specific PCLp (Lee et al. 1992; 
Pin and Duvoisin 1995). As mentioned above, Fagan and Cahusac (2001) have re- 
cently reported that glutamate probably acts as a neurotransmitter in type I mech- 
anoreceptors in the skin. We therefore speculated that glutamate acts not only on 
axon terminals, but also on MCs themselves and regulates the secretion of MC 
granules during or after the excitation of type I mechanoreceptors by a feedback 
mechanism. Actually, we were able to determine that mGluR5-like immunoreac- 
tions were localized in MCs in the rat sinus follicles. However, these cells were 
negative for all antibodies to PLCp isozymes that we used, though further studies 
using other antibodies are needed to reach a conclusion. 

Axons and their terminals innervating MCs in the rat hair follicles unexpectedly 
showed strong positive immunoreactions for PCLp4 in our study. The positive 
immunoreactions seem to reflect the presence of the isozyme, because the anti- 
body to PLCp4 that we used was also reactive for cerebellar Purkinje cells, which 
are known to have this isozyme (Min et al. 2000). The significance of the exis- 
tence of PLCp4 in the axon terminals is obscure at the present. However, it is 
known that PLCp isozymes are also activated by low-molecular weight G proteins 
and Py subunit complexes of Gi and Go proteins (Lee et al. 1992; Pin and Du- 
voisin 1995). Further studies are needed to determine the significance of this en- 
zyme in the axon terminals of type I mechanoreceptors. 

Previously, we reported that mammalian oral mucosae contain two peculiar 
subtypes of MCs, innervated and noninnervated types (Tachibana et al. 1997, 
1998). These two subtypes were found to be identical not only in the expression 
pattern of G protein alpha subunit isoforms, but also in the expression of the 
mGluR5. Ga-subunits found in MCs in our study may be related to the fundamen- 
tal metabolism or the survival of both types of MCs. However, further study is 
needed to determine the G proteins that are specific to individual types of MCs. 

We believe that clarification of signal transduction pathways as well as mem- 
brane receptors in MCs and related axon terminals is required for an understand- 
ing of the function of MCs. Further studies in this field are awaited. 
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Transmission at the Junction Between Merkel 
Cell and Nerve Terminal? 
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Summary 

This review briefly surveys the histological and pharmacological evidence for a 
neurotransmitter in the Merkel cell-to-nerve ending junction. A recent pharmacol- 
ogical study obtained some clear evidence that glutamate receptors were involved, 
implicating some kind of amino acid transmitter. However, further pharmacologi- 
cal work, aimed at characterizing the specific glutamate receptor, produced results 
that were difficult to interpret. Thus, it is possible that some kind of unconven- 
tional NMDA glutamate receptor is involved. Alternatively, the results question 
whether glutamate receptors are directly involved at this junction. 



Introduction 

Merkel cells have an unusually close association with primary afferent nerve 
endings in the skin. This association may serve one or more purposes (Tachibana 
1995): for example, they may play a key support or regulatory role in the basal 
epidermis, and may provide targets for developing or regenerating nerves. They 
may also act as mechanoreceptors - conveying information to those closely ap- 
posed primary afferent terminals. Merkel himself appears to have favoured this 
last possibility since he referred to his cells as Tastzellen' (touch cells). Much 
later, histological studies showed that the junction between the Merkel cell and 
nerve ending resembled a synapse, and that the Merkel cell contained dense core 
vesicles - presumably containing a chemical transmitter necessary to traverse the 
junction. Iggo and Muir (1969), studying the so-called touch domes of hairy skin, 
first revealed a direct correlation between Merkel cells and electrical activity re- 
corded from slowly adapting type I single nerve fibres. Perhaps the clearest sce- 
nario describing a neurotransmitter from Merkel cell-to-nerve ending is provided 
in a review many years later by Iggo and Findlater (1984). A more thorough and 
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updated review of the evidence was given by Ogawa (1996). Since then further 
work has continued to support the hypothesis that Merkel cells are mechanorecep- 
tors (Christie et al. 1996; Senok and Baumann 1997; Tazaki and Suzuki 1998; Ha- 
lata et al. 1999). 



Histological Evidence 

The idea that a neurotransmitter was involved spurred on many histological 
studies. These showed variously that ATP, 5-HT and a range of neuropeptides, 
were located in Merkel cells. However, there were considerable interspecies dif- 
ferences (particularly for the neuropeptides). For example, met-enkephalin was 
found in the rat, but not cat, and vice versa for vasoactive intestinal peptide (VIP; 
Tachibana 1995). According to Occam's razor, one would expect only one princi- 
pal neurotransmitter to be involved across all or most species. It is possible that 
some of these histologically localized substances modulate Merkel cell activity 
rather than transmit fast excitation, and so another recent approach was to localize 
G protein subunits necessary for modulation, without identifying the specific 
modulator. One study found Merkel cells and associated nerve terminals labelled 
for at least two different G proteins (Tachibana et al. 2001). 

Recently, it has been found that sensory axons in the skin were labelled for glu- 
tamate receptors (Kinkelin et al. 2000), although it was not possible to identify the 
class of axons or whether they were associated with Merkel cells. Another study, 
this time of keratinocytes, revealed clear evidence that glutamate was involved in 
signalling between cells (Genever et al. 1999). Close inspection of illustrations 
from that work suggested that at least some of the immuno-labelled cells of the 
basal epidermis were Merkel cells. This encouraged further histological work, 
which is now reported in another chapter of this volume (Senok et al., this Vol.). 

Histological studies can provide evidence that is necessary to implicate a par- 
ticular neurotransmitter. Only functional (e.g. pharmacological) studies are capa- 
ble of providing confirmatory evidence that is sufficient. 



Pharmacological Approaches 

A number of studies used a direct pharmacological approach to try to block 
chemical neurotransmission. Iggo and Muir (1969) tried systemic depletion of ve- 
sicular transmitter stores using reserpine. There were no changes in neural re- 
sponses to mechanical stimulation, nor depletion of the vesicles, following this 
treatment. Another approach was to apply selective receptor agonists or antago- 
nists to skin containing Merkel cells in vivo, either topically (Smith and Creech 
1967), by close-arterial injection (Fjallbrant and Iggo 1961), or by intravenous in- 
fusion (Gottschaldt and Vahle-Hinz 1982). Alternatively, drugs were applied in vi- 
tro by superfusion of a patch of skin in an isolated tissue bath (Baumann and Chan 
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1993) or by intra-arterial injection of an in vitro tissue preparation (Martin et al. 
1990). In each of these methods neural responses to mechanical stimulation were 
recorded. Together, the studies assessed the following neurotransmitters: acetyl- 
choline, 5-HT, ATP, histamine, adrenaline, noradrenaline, dopamine, GABA, gly- 
cine, met-enkephalin, dynorphin, among others. Of the compounds tested, 5-HT, 
histamine, ATP, acetylcholine and nicotine had effects - some depressant, some 
excitatory - though there was some disagreement between different reports. Exci- 
tatory amino acid (EAA) receptor antagonists were never tested. 



Excitatory Amino Acids and Receptors 

There are two reasons why an EAA is a good transmitter candidate. Firstly, glu- 
tamate receptors, at which these transmitters act, account for most fast chemical 
neurotransmission in the central nervous system. Secondly, in other sensory sys- 
tems, there is increasing evidence that receptor cells make glutamatergic synapses 
with associated primary afferent nerve terminals. For example, in the vertebrate 
retina, photoreceptors transmit to bipolar cells through glutamate receptors 
(Brandstatter and Hack 2001). In the cochlea, the junction between the mech- 
anosensitive inner hair cells and type I auditory primary afferents is glutamatergic 
(Puel 1995). In the latter case, the morphological and functional similarities be- 
tween inner hair cells and Merkel cells was previously noted by Iggo and Findlater 
(1984), and gives added support to the idea that an EAA might be involved at the 
Merkel cell junction. It was in the light of this speculation that a direct test of 
whether glutamate receptors mediated transmission from Merkel cells was at- 
tempted (Fagan and Cahusac 2001; see below). 

There are a number of candidates for an EAA transmitter: primarily 1-glutamate 
and 1-aspartate, but also 1-cysteate, 1-cysteine sulfinate, 1-homocysteate, 1- 
homocysteine sulfinate, and quinolinic acid among others (Watkins and Evans 
1981; Stone and Burton 1988). These amino acids act at two classes of glutamate 
receptor: ionotropic and metabotropic. Ionotropic glutamate receptors are ligand- 
gated channels and tend to mediate fast transmission. There are three main types 
of ionotropic receptor: NMD A, AMP A and kainate. In contrast, the class of me- 
tabotropic glutamate receptors are coupled to G proteins, and their activation is 
usually responsible for slower transmission or modulation of transmission. There 
are three groups of receptor types within this class. It is of interest that group I me- 
tabotropic glutamate receptors were found on Merkel cells and associated nerve 
terminals (Tachibana and Nawa, this Vol.). 



Testing Glutamate Receptor Antagonists 

In experiments to examine the possibility of an EAA transmitter, the isolated 
rat sinus hair preparation (Baumann et al. 1996) was used. Various concentrations 
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Fig. 1. Depressant effect of 5 mM kynurenate on St I unit responses to a mechanical 
ramp stimulus 

of kynurenate, a broad spectrum ionotropic glutamate receptor antagonist, were 
tested against responses of sinus hair type I (St I) units evoked by mechanical dis- 
placement of the hair. Kynurenate 1-10 mM depressed St I unit responses in a 
concentration-dependent and reversible manner (Fagan and Cahusac 2001). The 
static phase of the response (that to maintained whisker deflection) was particu- 
larly susceptible (see Fig. 1). Responses of St II units were unaffected by kynure- 
nate in this concentration range. St II units are believed to be associated with other 
receptors comprised of specialized nerve endings, such as lanceolate mechanore- 
ceptors, which do not involve synapse-like junctions. It is conceivable that the 
lower concentration needed to depress St I versus St II was due to differential ac- 
cess (due to physical or chemical barriers) to the mechanoreceptors, although this 
seems unlikely since other drugs were shown to differentially affect St II re- 
sponses compared with St I responses. For example caffeine, at the same concen- 
tration, was shown to simultaneously depress St II responses and enhance St I re- 
sponses (Senok and Baumann 1997). The more pronounced effect of kynurenate 
on St I unit static phase compared with the dynamic phase was in agreement with 
the two-receptor-sites hypothesis (Yamashita and Ogawa 1991). This hypothesis 
proposes that type I responses are due to activation of mechanically gated chan- 
nels in both the nerve endings and in Merkel cells. Stated briefly, the activation of 
the nerve endings is responsible for the high frequency burst of the dynamic re- 
sponse phase (the initial response to the moving mechanical stimulus), and activa- 
tion of Merkel cells is responsible for the lower frequency static response. 
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The positive result with kynurenate appeared to establish that the junction be- 
tween the Merkel cell and nerve terminal was glutamatergic. All that was now re- 
quired was to identify the particular type(s) of receptor. A range of selective glu- 
tamate receptor antagonists was therefore tested. Disappointingly, the most potent 
and selective NMDA and non-NMDA receptor antagonists had little effect on St I 
responses. However, MK 801, an uncompetitive NMDA receptor blocker, caused 
clear and long-lasting depression of responses and spontaneous activity (Senok et 
al. 2001). To complicate matters, there were some peculiarities of MK 80Ts ef- 
fect. First, the effect had a rather narrow effective concentration range (a steep 
concentration-response slope) with 100 pM as a very approximate IC50 (concen- 
tration at which the response is reduced by 50% from control). A complete block 
of all activity was usually obtained with 300 pM. This meant that many tests gave 
an all-or-nothing result. Second, both stereoisomers of MK 801 were equipotent. 
This was curious since (-)-MK 801 is reckoned to be tenfold less potent than (+)- 
MK 801 in its action at NMDA receptors. However, there was some discrimina- 
tion between St I and St II units, but not much. St II units appeared to be less sus- 
ceptible to both isomers of MK 801, showing little or no effect at 100 pM and 
clear depression at 300 pM. A very similar picture of results was subsequently ob- 
tained with another uncompetitive NMDA receptor antagonist, ketamine. Finally, 
Group I and II metabotropic glutamate receptor antagonists were tested: neither 
had clear or reproducible effects on responses. 



Interpreting the Results with Antagonists 

What is to be made from this set of results? We return first to the depressant ef- 
fect of kynurenate on St I responses. In other studies, it was found that kynurenate 
most potently antagonises the strychnine-insensitive glycine site of the NMDA re- 
ceptor, this occurring at 10 pM. At higher concentrations, 0.1-1 mM, it antago- 
nises AMPA and kainate receptors (Stone 1993). In our study, the depression of St 
I responses occurred only at relatively high concentrations of kynurenate (IC50 of 
about 3.5 mM), suggesting a possible action at non-NMDA (AMPA or kainate) 
receptors. However, attempts to block responses with selective NMDA and non- 
NMDA receptor antagonists failed. It has often been assumed that kynurenate was 
a relatively "clean" drug, in that it appeared to be a selective (and competitive) re- 
ceptor antagonist at ionotropic and metabotropic glutamate receptors (Stone 
1993). Recent work has questioned kynurenate's selectivity by showing that it had 
a noncompetitive inhibitory action at nicotinic acetylcholine receptors at concen- 
trations of less than 10 pM (Hilmas et al. 2001). A direct comparison showed that 
kynurenate more effectively inhibited nicotinic receptors than NMDA receptors at 
the surprisingly low concentration range of 0.1-1 pM. 

It is uncertain at what site many drugs or receptor antagonists (kynurenate, MK 
801, ketamine) are acting. As well as the obvious and intended post-junctional 
site, they may be acting at extra-junctional sites on the nerve endings or directly 
on Merkel cells. Further tests with other selective receptor antagonists will be nec- 
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essary. The interpretation of drug effects would be significantly aided if direct 
electrical recordings could be made from single Merkel cells. Unfortunately, iso- 
lated Merkel cells (Yamashita et al. 1992; Ogawa 1996), which would allow such 
recording, have been found to be unresponsive to mechanical stimulation, perhaps 
due to enzymatic treatment. It is possible that cultured Merkel and primary affer- 
ent ganglion cells (Vos et al. 1991) would offer a way to record from both pre- 
and post-synaptic cells. 



Conclusion 

Initial work with kynurenate provided some encouraging support for the hy- 
pothesis that glutamate receptors mediate transmission at the junction from Merkel 
cell to nerve terminals. However, this was contradicted by subsequent work with 
more selective receptor antagonists. Only one class of NMDA receptor antagonists 
(here represented by MK 801 and ketamine) had clear-cut depressant effects on St 
I activity. This class of receptor antagonists are specifically known as uncompeti- 
tive blockers of an open-channel associated with the NMDA receptor. The idio- 
syncratic effects of these antagonists on St I activity described above, suggests 
that a conventional form of the NMDA receptor (NRl with NR2A-D subunits) is 
not involved on post-junctional nerve terminals. There are a number of possible 
sites of action for these compounds, such as a direct action on Merkel cells or at 
extra-junctional sites. As it stands, the data concerning the effects of EAA receptor 
antagonists cast strong doubts on the involvement of an EAA as the transmitter. 

At a previous Merkel Cell symposium, held in Tokyo in 1999, Ogawa (2000) 
concluded his discussion of Merkel cells as possible mechanoreceptors by sug- 
gesting that the transmitter will be identified using specific antagonists, and that ”. 

. . such evidence will be obtained in the next 5 years.” Now, in 2003, this kind of 
approach may yet be on target. 
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Summary 

Recent hmctional data has raised the possibility that an excitatory amino acid, 
such as glutamate, may act as neurotransmitter in vibrissal type I slowly adapting 
(St I) mechanoreceptors. It is supposed that Merkel cells respond to mechanical 
stimulation by releasing a neurotransmitter which acts on the nerve terminals in 
contact with the Merkel cells. Therefore, we sought to establish whether or not the 
appropriate signalling molecules for glutamate neurotransmission are to be found 
in the vibrissa. Using frozen sections from vibrissa isolated from adult Wistar rats, 
we stained for NMDA and AMPA glutamate receptors and the glutamate trans- 
porter GLT-1. Distinct patterns of expression of NMDA-type receptors were 
found in the vibrissal sections. There was intense immunoreactivity to the NRl 
antibody in the layer of cells in the outer root sheath, adjacent to the glassy mem- 
brane. However, NR2A/B staining was restricted to a subpopulation of cells adja- 
cent to the glassy membrane, but only above the level of the ring wulst and the in- 
nermost cells of the rete ridge region - suggesting that the NR2A/B stained cells 
are Merkel cells. GLT-1 immunoreactivity was largely restricted to the epithelial 
cells lining the thick sinus body capsule enclosing the blood sinuses. There was no 
remarkable staining with the AMPA-type GluRl-3 antibodies. The data suggest 
the presence of glutamate signaling in the outer root sheath cells, including Merkel 
cells. However, it remains to be seen if this is related to mechanosensory function 
in Merkel cells or whether it is part of the already described glutamate signaling in 
keratinocytes. 
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Introduction 

The anatomical association between Merkel cells and nerve terminals in the 
skin and appendages across many species is suggestive of a synaptic relationship. 
Although functional and other data (Yamashita and Ogawa 1991; Chan et al. 
1996; Senok and Baumann 1997) continue to support the notion that the Merkel 
cell is a mechanosensory transducer which responds to mechanical stimulation by 
releasing a transmitter, the identity of the transmitter has remained elusive (see re- 
views in this volume; Ogawa (1996). Recent functional data has raised the possi- 
bility that glutamate may be a chemical transmitter at vibrissal Merkel cell touch 
receptors (Fagan and Cahusac 2001; Senok et al. 2001). It was hypothesized that if 
glutamate served a transmitter function between Merkel cells and nerve terminals, 
the appropriate glutamate signalling molecules should be present wherever Merkel 
cell-neurite complexes are found. 

Vibrissae were used because they have a high concentration of Merkel cells and 
nerve terminals in a compact, well-defined location and the fact that the functional 
work (Fagan and Cahusac 2001; Senok et al. 2001) used isolated vibrissae. 

Glutamate is the major excitatory neurotransmitter in the brain. It exerts its ef- 
fects through ionotropic (fast synaptic transmission) and metabotropic receptors 
(modulation of pre- and post-synaptic activity). The ionotropic receptors are sub- 
divided into NMDA and non-NMDA (comprising AMPA and Kainate receptors), 
based on their sensitivity to ligands. The NMDA receptor is made up of a mul- 
timeric assembly of four or five subunits, comprising NRl and one or more NR2 
(A-D) subunits. Expression of both types of subunit is required to form functional 
channels. The non-NMDA receptors are also made up of subunits - GluRl^ for 
AMPA, and GluR5-7 and KAl-2 for Kainate. The transporters EAACl, GLT-1 
and GLAST transport glutamate away from the synaptic cleft. Therefore, we im- 
munostained the vibrissae for the following signalling molecules: NRl, NR2 A/B, 
GluRl-3 and GLT-1. 



Materials and Methods 

Antibodies 

All antibodies were obtained from Chemicon (Harrow, UK), unless otherwise 
stated. Rabbit polyclonal anti-NRl, NR2A/B, GluRl, and GluR2/3 (UBI, New 
York, USA) were used. Anti-GLT-1 polyclonal antibody was provided by Dr. Jef- 
frey Rothstein (Johns Hopkins, USA). 

Immunolocalisation of Glutamate Receptors and Transporters in Rat Vi- 
brissae 

Vibrissae were dissected from adult Wistar rats as previously described (Senok 
et al. 1996). Isolated vibrissa were dipped in 10% polyvinyl alcohol (PVA; Sigma, 
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Poole, UK), immediately frozen in chilled isopentane (-70 °C) and mounted in 
10% PVA on brass chucks. Sections (5-7 pm thickness) were cut using a Bright 
cryostat (Bright Instrument Co., Huntington, UK), collected on polysine slides 
(BDH) and stored at -35 °C until use. 

The sections were fixed in 4% paraformaldehyde for 5 min and endogenous 
peroxidase activity depleted with 3% hydrogen peroxide (Sigma) for 30 min. A 
further pre-incubation was performed with 10% normal goat serum (Vector Labo- 
ratories) for 30 min to block non-specific antibody binding. Sections were incu- 
bated for 30 min with primary polyclonal antibody (individual antibodies were ti- 
trated on each tissue to determine optimal concentration and a range of 0.5- 
1 pg/ml was used) followed by biotinylated goat anti-rabbit secondary antibody 
(Vector Laboratories; 1:200 dilution) for 15 min and avidin-biotinylated- 
peroxidase reagent (ABC Elite, Vector Laboratories, 1:50 dilution) for 20 min. 
Peroxidase activity was disclosed with 0.5 mg/ml 3, 3'-diaminobenzidine (Sigma) 
and 0.3% hydrogen peroxide as substrate. All dilutions were made up in phos- 
phate-buffered saline (PBS), pH 7.4 (GLT-1 antibodies were diluted in PBS con- 
taining 0.1% Triton X-100) and incubations were performed at room temperature 
with three PBS washes between each incubation. Negative controls received the 
same concentration of normal rabbit IgGs (Vector Laboratories) in place of pri- 
mary antibody. Sections were counterstained with haematoxylin prior to mounting 
in glycerol/PBS. 



Results 

NMDA Receptor-Like Immunoreactivity 

NRl. There was uniform immunostaining of the monolayer of cells of the ex- 
ternal root sheath both above and below the ring wulst (Fig. le,f). 

NR2 A/B. There was staining of a subset of the outer root sheath cells above 
the ring wulst (Fig. la). A layer of cells in the rete ridge (Fig. lb) was also clearly 
immunopositive for NR2 A/B, suggesting that these are Merkel cells. A circum- 
scribed band of non-cellular profiles that appear to be embedded in the glassy 
membrane was seen about the middle third of the area distal to the ring wulst, in 
the area to the cavernous sinus (Fig. lc,d). 

GluRl, GluR2 and Glur3 did not show any clear staining in the hair follicle 
(Fig. 2a-c). 

The anti-GLTl transporter antibody clearly stained a layer of apparent endo- 
thelial cells lining the capsule of the blood sinus (Fig. 2d). 
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Fig. 1. NR2 A/B immunoreactivity {brown reaction product) of a subset of external root 
sheath cells above the ring wulst (a, arrows) and the group of cells in the rete ridge collar 
known to be Merkel cells (b, arrows), c, d Band of intensely stained profiles in contact 
with the glassy membrane at the level of the cavernous sinus. Unlike the NR2 A/B staining, 
NRl staining was intense and uniform in the external root sheath cells above and below the 
ring wulst (e, arrow; and f, higher power showing the stained cells). Negative control slides 
show no staining of external root sheath cells (g, h) 
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Fig. 2. AMPA-type GluRl, 2 and 3 showed no clear immunoreactivity in the external 
root sheath cells (a, b, c). GLT-1 is seen in the endothelial lining of the sinus capsule (d, 
arrows', cf. c and Fig. Ig). Elements of the mesenchymal tissue in the blood sinus also ap- 
pear to be positive for GLT-1 



Discussion 

The positive staining for NRl, NR2 A/B and GLT-1 in the outer root sheath 
and the rete ridge collar of the sinus hair follicle suggests that the signalling mole- 
cules for glutamate transmission are present in the appropriate location of the vi- 
brissa. The differential distribution of the NMDA receptor subunits in the external 
root sheath cells might reflect functional differences between the cells. 

If glutamate is the transmitter, the ionotropic receptors ought to be on the nerve 
terminals rather than the Merkel cells (the metabotropic receptors would be ex- 
pected on the Merkel cells as reported by Tachibana and Nawa (this Vol.). While 
it is clear that the NRl staining is in cells, we are unable to categorically say 
whether the NR2 A/B is on the Merkel cells or the expanded nerve terminals. Fur- 
ther work is required to clarify this. In any event, the processes involving (non- 
sensory) glutamate signalling described in the skin (Genever et al. 1999) are likely 
to operate in the sinus hair follicle as well. Whether the presence of glutamate sig- 
nalling molecules associated with Merkel cell-neurite complexes is a part of that 
system remains to be determined. 
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We have shown that MK-801, a blocker of the ionotropic NMDA channel 
blocks the responsiveness of the St I receptors in isolated vibrissae (Senok et al. 
2001), but we have since been unable to show a clear effect of other classical 
NMDA and non-NMDA antagonists on the function of the receptor. This suggests 
that either the pharmacological profile of the NMDA receptor in these mechanore- 
ceptors is different from that in the CNS, or that the MK-801 is acting via a differ- 
ent mechanism. 

In conclusion, the appropriate signalling molecules for glutamate transmission 
appear to be present in the Merkel cell-nerve terminal complexes, but it remains to 
be shown whether glutamate (or another excitatory amino acid) is involved in 
Merkel cell mechanosensory function. 
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Summary 

Most cutaneous mechanoreceptors are known to be primary mechanoreceptors. 
Mechano-electric transduction occurs in the terminal of the afferent nerve fibre, 
while the surrounding structures, e.g. lamellae in Meissner and Vater-Pacini cor- 
puscles assist in directing the mechanical stimulus towards cytoplasmic protru- 
sions extending from the nerve terminal. The latter are believed to be the site of 
mechanically gated ion channels. Merkel cell mechanoreceptors are different in 
the sense that special cells - Merkel cells - make close contact with nerve termi- 
nals showing dense core granules in the adjacent part of the Merkel cell cytoplasm 
and synapse-like membrane specializations in the contact area. Cytosplasmic pro- 
trusions are regularly seen extending from the Merkel cells rather than the nerve 
terminals. This has led to the hypothesis that the Merkel cell may be the mecha- 
notransducer proper employing synaptic transmission towards the nerve terminal. 

Various substances as possible candidates for the postulated synaptic transmis- 
sion were found in the dense core granules of Merkel cells. However, until re- 
cently, there has been no conclusive evidence for neurotransmitter function of any 
of these substances between Merkel cell and nerve terminal and no direct electro- 
physiological measurements of receptor potentials have so far been successful, 
due to the location of these receptors between epidermis and dermis making them 
virtually inaccessible for microelectrode recordings. 

Recently, mechanically induced increases in intracellular calcium of Merkel 
cells have provided evidence for mechanically gated calcium channels in Merkel 
cells and calcium-induced calcium release from intracellular stores within the 
Merkel cell. Glutamate receptor antagonists have been shown to reduce static re- 
sponses of Merkel cell mechanoreceptors. Thus, it appears that slowly maintained 
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adapting responses of Merkel cell mechanoreceptors involve a mechano-electric 
transduction process in Merkel cells and glutamatergic neurotransmission to the 
associated nerve terminals. However, the specific glutamate receptor still remains 
to be identified. 



Introduction 

Merkel's original description of "touch corpuscles" left no doubt that he consid- 
ered these complexes as mechanoreceptors (Merkel 1875). There is ultrastructural 
evidence that Merkel cells have synaptic contacts with the associated nerve termi- 
nals from afferent neurons of cranio-spinal ganglia (Iggo and Muir 1969; Chen et 
al. 1973). These complexes are known to serve as mechanoreceptors (Iggo and 
Findlater 1984). The function of a mechanoreceptor is to convert mechanical 
stimuli into nerve action potentials. In all locations, Merkel cells are positioned, 
relative to the nerve terminal, on the side that normally receives mechanical stimu- 
lation (Halata and Baumann 2000). The surface of Merkel cells is equipped with 
protoplasmic protrusions anchoring them between keratinocytes (Iggo and Muir 
1969) which has led to comparisons with inner ear hair cells (Iggo and Findlater 
1984; Baumann et al. 1990), where bending of the hairs opens mechanically gated 
ion channels, resulting in depolarization, an increase in free intracellular calcium, 
and finally transmitter release (Crawford et al. 1991). However, there has been 
only one single report in the literature on exocytosis of what was believed to be 
neurotransmitter from a Merkel cell to the adjacent nerve terminal (Chen et al. 
1973). This report reviews the currently available experimental evidence on the 
role of the Merkel cell in the mechano-electric transduction process. 



Results and Discussion 

There has been a long-standing controversy over whether the mechanoelectric- 
transduction process occurs in the Merkel cell, or whether the Merkel cell only di- 
rects the mechanical stimulus towards the nerve terminal. While all other types of 
mechanoreceptors in the skin lack specialized cells that could have direct in- 
volvement in the mechano-electric transduction process, only Merkel cell-nerve 
terminal complexes in the skin (SA I receptors) and in sinus hairs (St I receptors) 
have specialized cells, i.e. Merkel cells positioned on that side of the nerve termi- 
nal that physiologically receives mechanical stimuli (Halata and Baumann 2000). 
Unfortunately, the location of these receptors makes direct electrophysiological 
recordings with microelectrodes impossible. This has led to a number of experi- 
mental approaches to indirectly examine the role of Merkel cells. 
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Fig. 1. Number of impulses from slowly adapting type I mechanoreceptors of isolated 
rat skin in response to standard mechanical stimuli (applied every 30 s) plotted against time. 
Responses to the last ten stimuli before the start of UV-irradiation were taken as reference 
(100%) and all responses are expressed as a percentage of this control value. Receptors 
were pretreated with quinacrine (10 pM for 30 min) shortly before the start of UV- 
irradiation at time 0. Receptor failure occurred on average after 27±4min of UV- 
irradiation. Each line represents one of eight experiments. (Modified from Senok et al. 
1996) 




Fig. 2. Electron micrographs from Merkel cells {m) and nerve terminals (/) in rat sinus 
hairs. Left Control, right after quinacrine loading and UV-irradiation leading to receptor 
failure. (Modified from Senok et al. 1996) 
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Attempts to pharmacologically affect the responses of SA I receptors in touch 
domes were first carried out by Smith and Creech (1967), resulting in the conclu- 
sion "if a chemical neurotransmitter is present in ... it would seem to be different 
from presently known transmitters." The slowly adapting responses of these recep- 
tors, and characteristic impulse pattern of action potentials with rather irregular 
interspike intervals, was interpreted as evidence of a synaptic link (Iggo and Muir 
1969; Horch et al. 1974). On the other hand, the high frequency of action poten- 
tials (up to 1500 Hz) with which these receptors could follow sinusoidal stimuli 
has been taken as an argument against synaptic transmission usually involving a 
synaptic delay of 0.5-1 ms (Gottschaldt and Vahle-Hinz 1981). Various peptides 
were found in the dense-cored granules of Merkel cells (Hartschuh et al. 1979; 
Hartschuh and Weihe 1988; Cheng Chew and Leung 1991; for a detailed review 
see English et al. 1992) and considered as potential neurotransmitters. However, 
naloxone had no effect on the responses of St I receptors to mechanical stimuli. 
Thus, met-enkephaline could not act as neurotransmitter between the Merkel cell 
and nerve terminal (Gottschaldt and Vahle-Hinz 1982). 

In another experimental approach, Findlater et al. (1987) examined the effect of 
hypoxia on SA I responses. The authors showed that at the time when these recep- 
tors failed to respond to mechanical stimuli, the afferent nerve fibres were still 
conducting electrically elicited action potentials. Electron microscopic controls 
showed a significant reduction of dense-cored granules in Merkel cells at the time 
of receptor failure, suggesting that release of neurotransmitters from these gran- 
ules is essential for normal receptor responses. 

Diamond's group argued that Merkel cell mechanoreceptors still function after 
selective destruction of Merkel cells following quinacrine loading and bleaching 
with ultraviolet light (Diamond et al. 1988; Mills and Diamond 1995). There are 
contradictory reports concerning the effect of such procedures on the responses of 
Merkel cell mechanoreceptors (Ikeda et al. 1994; Senok et al. 1996). Figure 1 
shows results from Senok et al. (1996): SA I receptors loaded with quinacrine and 
exposed to UV-light afterwards developed receptor failure within an average pe- 
riod of 27 min. At the time when receptors stopped responding to mechanical 
stimuli, electrical stimuli were still eliciting action potentials in the afferent nerve 
fibre. However, often the threshold for electrical stimuli increased rapidly within a 
few minutes after receptor failure and electron-microscopic examination of such 
UV-irradiated Merkel cell-nerve terminal complexes showed that the tissue dam- 
age was not selective, but extended to the nerve terminals as well, while leaving 
some Merkel cells relatively unharmed (Fig. 2). Thus, this experimental approach 
cannot answer the question of where the mechano-electric transduction process ac- 
tually occurs (Senok et al. 1996). 

It has long been established that an increase in free calcium is required for syn- 
aptic transmitter release (Katz and Miledi 1967). Thus, experiments have been 
carried out to study the effect of calcium channel blockers on receptor responses. 
Pacitti and Findlater (1988) observed dose-dependent reduction in responses of 
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Fig. 3. Effect of direct mechanical stimulation via glass microprobes on free intracellu- 
lar calcium concentration in Fluo-3 loaded Merkel cells of functionally intact isolated rat 
sinus hairs. Mean values ± SEM of seven experiments. (Modified from Chan et al. 1996) 

SA I receptors after application of verapamil and these results were interpreted in 
support of the postulated synaptic transmission process. In patch clamp studies on 
isolated Merkel cells, Yamashita et al. (1992) demonstrated the presence of volt- 
age-gated calcium channels similar to those found in other excitable cells, but 
could not find any mechanically gated ion channels. 

Recently, dyes have become available that are taken up by living cells and emit 
fluorescent light, as such demonstrating the free intracellular calcium level 
(Grynkiewicz et al. 1985). These dyes allow examination of the intracellular cal- 
cium concentration in Merkel cells during mechanical stimulation, not only in sin- 
gle isolated cells, but also isolated receptors leaving the anatomical connections to 
the adjacent keratinocytes and nerve terminals intact (Baumann et al. 1996). In- 
creases in intracellular calcium concentration in Merkel cells during mechanical 
stimulation had been observed in both rat St I receptors (Chan et al. 1996) and 
hamster SA I receptors (Tazaki and Suzuki 1998). Consistent increases in free in- 
tracellular calcium of Merkel cells can be observed during direct mechanical 
stimulation of Merkel cells with microprobes (Fig. 3), as well as during slight 
swelling of Merkel cells caused by exposure to hyposmotic solutions (Fig. 4). In 
spite of mechanical stimulation, no such increase is seen if the extracellular fluid 
is calcium- free (Fig. 4) or, if amiloride (known to block mechanosensitive ion 
channels; Hamill et al. 1992) is added to the solution. Thus, mechanical stimula- 
tion causes an influx of calcium into Merkel cells, which in turn appears to trigger 
further release of calcium from intracellular stores (Calcium-induced calcium re- 
lease; Senok and Baumann 1997). Further studies by Tazaki and his group (Tazaki 
et al., this Vol.) suggest that L- and P/Q-type calcium channels are regularly found 
in Merkel cells, while N-type channels are found in the majority, but not all 
Merkel cells. 
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Fig. 4. Effect of hyposmotic swelling on free intracellular calcium concentration in cal- 
cium (1.5 mM) and calcium- free solution. Mean values of eight experiments 

In the long search for neurotransmitter candidates at the postulated synapse be- 
tween Merkel cell and nerve terminal, recent experimental evidence shows that the 
broad spectrum ionotropic glutamate receptor antagonist kynurenate severely de- 
presses responses of St I receptors especially during the static phase (Fagan and 
Cahusac 2001) while dynamic responses were much less affected. This finding is 
in support of the two-receptor-sites hypothesis (Ogawa 1996) suggesting that the 
nerve terminal is able to produce a transient, rapidly adapting discharge during the 
dynamic phase of stimulation, while the typical slowly adapting impulse pattern of 
these receptors in response to maintained mechanical stimuli relies on a transduc- 
tion mechanism residing in the Merkel cell and glutamatergic transmission to the 
nerve terminal. 

Positive immunoreaction for subunits of NMDA receptors in Merkel cell-nerve 
terminal complexes were found by Senok et al. (this Vol.) in line with the assumed 
glutamatergic transmission. However, their light microscope studies could not un- 
ambiguously identify whether these NMDA receptors were located on the mem- 
brane of the nerve terminal or the Merkel cell. Tachibana and Nawa (this Vol.) 
demonstrated beta-type phospholipase C (PLCP) in nerve terminals associated 
with Merkel cells known to be linked to metabotropic glutamate receptors (Pin 
and Duvoisin 1995). While this finding generally supports the assumption of glu- 
tamatergic transmission in Merkel cell mechanoreceptors, it leaves the question 
wide open which type of glutamate receptor is involved in this location. Further 
experiments with different glutamate receptor blockers by Cahusac (this Vol.) did 
not result in clear identification of a particular type of glutamate receptor. Thus, in 
spite of significant progress in recent years, a clear picture of the specific role of 
Merkel cells within the mechano-electric transduction process is still lacking. 
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Summary 

Merkel cell carcinoma represents the neuroendocrine carcinoma of the skin 
which mostly develops in UV-exposed areas of elderly people. 

Its clinical appearance is blue to red nodules. In H and E staining, monomor- 
phic round cells resembling lymphoma cells are detectable. Ultrastructurally, these 
tumor cells reveal the typical neuroendocrine granules and fibrous bodies. Immu- 
nohistochemistry detecting the intermediate filaments became a milestone in the 
diagnosis of Merkel cell carcinomas. Thus, the coexpression of cytokeratins nos. 
8, 18, 19, and especially no. 20, together with neurofilament proteins is, within the 
skin, unique for Merkel cell carcinoma. In addition, the decoration of paranuclear 
plaques of intermediate filaments are highly characteristic as well as neuroendo- 
crine markers such as NSE, PGP 9.5 and N CAM. The histogenesis of Merkel cell 
carcinoma still remains speculative. Merkel cell carcinoma shares structural fea- 
tures with normal Merkel cells, such as neurosecretory granules and cytokeratin 
20, but is different concerning the presence of fibrous bodies and neurofilament 
proteins. One hypothesis is that a pluripotent basal keratinocyte may give rise to 
Merkel cell carcinoma. 



Introduction 

Merkel cell carcinoma was first described as trabecular carcinoma and thought 
to represent an eccrine sweat gland-derived carcinoma by Toker (1972). A few 
years later, the same authors identified the typical neuroendocrine granules within 
the tumor cells giving rise to the name Merkel cell carcinoma (Tang and Toker 
1978). 

Merkel cell carcinomas develop in the elderly (mean age 65-70 years) equally 
in both sexes. Preferentially, these tumors arise in UV-exposed skin, mostly on the 
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face, neck and limbs. The classical clinical appearance is that of a blue, violet-to- 
red, dome-shaped nodule, mostly with an intact epidermal surface (Fig. 1). Ulcera- 
tion may occur, but is restricted to late stages and large tumors. Roughly about 
25% of the Merkel cell carcinomas are associated with other neoplasms, mostly 
skin or head and neck cancers or hematologic neoplasms (Brenner et al. 2001). 



Histology 

The cut surface is that of a soft, "marrowy" tumor. The H and E staining shows 
the tumor tissue within reticular dermis extending to the subcutaneous tissue. The 
epidermis, papillary dermis and the adnexal structures are spared. The histological 
appearance may vary considerably, but typically the tumor appears cellular and 
monomorphic, with small to intermediate-sized cells, and often resembles a lym- 
phoma (Fig. 2). 



Ultrastructure 

At the electron microscopic level, the neuroendocrine granules (diameter 
100 nm) and the prominent paranuclear whorls of intermediate filaments ("fibrous 
bodies") are important criteria (for review see Moll et al. 1986). In addition, in- 
termediate filaments may make up a more or less developed cytoskeleton. The 
tumor cells are coupled by inconspicuous small cell junctions which are not yet 
well characterized, and rare desmosomes. 



Immunohistochemistry 

In the diagnosis of Merkel cell carcinoma, immunohistochemistry using anti- 
bodies to intermediate filament proteins and neuroendocrine markers became 
milestones during the last years. Among the intermediate filaments, the keratin 
polypeptides of the simple epithelial type (or low-molecular weight cytokeratins) 
nos. 8, 18, 19 and 20 are the most prominent ones, whereas keratins of stratified 
epithelia as present in keratinocytes are absent (Merot et al. 1986; Moll et al. 
1986). Among these, cytokeratin 20 is the most important one because of its speci- 
ficity for Merkel cells and Merkel cell carcinomas within the skin. Moreover, cy- 
tokeratin 20 is absent in neuroendocrine carcinomas of other organs, e.g., the lung, 
and thus became extremely valuable in the differential diagnosis of Merkel cell 
carcinomas (Table 1). Interestingly, the keratins within the tumor cells are ar- 
ranged in plaque-like structures representing the paranuclear whorls (see above), 
but may also make up a fine fibrillar cytoskeleton (Fig. 3a). Particularly the for- 
mer arrangement is quite typical of Merkel cell carcinomas and valuable in the di- 
agnosis of the tumor (Table 1). 
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Fig. 1. A dome- shaped violet-colored Merkel cell carcinoma with intact skin surface 
Fig. 2. H and E staining of a Merkel cell carcinoma showing uniform cells with large 
nuclei and scanty and poorly defined cytoplasm 

Fig. 3. Immunoperoxidase staining of a Merkel cell carcinoma with antibodies to cy- 
tokeratin 20 (a) and neurofilament protein (large subunit NF-H; b). The paranuclear 
plaques are decorated by both antibodies, but cytokeratin 20 is detectable in nearly all tu- 
mor cells (a), whereas neurofilaments are only present in some (b). In addition, an irregular 
fibrillar cytoskeleton composed of cytokeratin 20 and neurofilaments is present 

Neurofilaments are the second intermediate filament class present in most 
Merkel cell carcinomas (Fig. 3b), although often at lower amounts. The neuro- 
filaments are mostly localized within the paranuclear whorls and to a lesser extent 
within the cytoskeleton. A further neuronal-type intermediate filament, peripherin, 
is often detectable in Merkel cell carcinomas (for review see Moll et al. 1997). 



Table 1: Immunohistochemistry for diagnosis of Merkel cell carcinoma 
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The immunohistochemical detection of cytokeratin 20 in coexpression with 
neurofilaments, localized to paranuclear whorls, identifies the Merkel cell carci- 
noma nearly unequivocally. 

Corresponding to the nature of these tumors, neuroendocrine markers are also 
expressed. These include neuron-specific enolase (NSE), chromogranin A (CgA), 
protein gene product 9.5 (PGP 9.5), synaptophysin and neuronal cell adhesion 
molecule (NCAM). Among these, NSE is consistently and broadly expressed in 
neuroendocrine tumors, but also occurs in nonneuroendocrine tumors of various 
organs and, therefore, is only useful in context with other markers. In contrast, the 
specificity of CgA for neuroendocrine differentiation is clearly superior. The 
negativity of Merkel cell carcinomas for thyroid transcription factor (TTF-1) is 
helpful for the exclusion of a small cell carcinoma of the lung (Kaufmann and 
Dietel 2000; Table 1). Various neuropeptides, such as VIP, calcitonin, ACTH, 
substance P, bombesin, gastrin, and somatostatin are detectable immunohisto- 
chemically in rare cases only and correlated clinical syndromes are hardly known. 

An important etiological factor for Merkel cell carcinoma seems to be UV irra- 
diation because of the typical UV mutations (C^T, CC-^TT) often identified in 
the tumor cells (Popp et al. 2002). Immunosuppression is another important 
pathogenetic factor (Brenner et al. 2001). 

The therapy of Merkel cell carcinoma includes wide excision, sentinel node bi- 
opsy, radiation, and in the case of metastases, various chemotherapy protocols 
(Tai et al. 2000; Lawenda et al. 2001). The rate of recurrences and lymph node 
metastases is high and the 5 -year-survival is only about 30%. 

Hypotheses on the histogenesis and the "cell of origin" of the Merkel cell carci- 
noma still remain speculative. The main argument supporting the Merkel cell as 
"cell of origin" is based on morphological and biochemical similarities, especially 
the common presence of neuroendocrine granules and cytokeratin 20. However, 
this may simply reflect differentiation pathways rather than histogenesis. 

On the other hand, there are differences between Merkel cells and Merkel cell 
carcinomas. The most obvious are the fibrous whorls and the neurofilaments 
which are both absent from normal Merkel cells. Moreover, usually no connec- 
tions between the Merkel cell carcinoma and the neighbouring epidermis and hair 
follicles are detectable. Another argument against the Merkel cell as "cell of ori- 
gin" is the absence of mitoses in Merkel cells of humans (Vaigot et al. 1987; Moll 
et al. 1996). Analogous to the presumed embryonic development of human Merkel 
cells within the epidermis, which has been suggested by several groups (Compton 
et al. 1990; Moll et al. 1990; Kanitakis et al. 2000; Tachibana et al. 2000), it is 
conceivable that pluripotent basal keratinocytes ("stem cells") of the epidermis 
and adnexal epithelia may give rise to Merkel cell carcinoma, which is a true 
epithelial neoplasm. Pathogenetic factors, such as UV irradiation and immunosup- 
pression may be important in tumor development (Brenner et al. 2001; Popp et al. 
2002 ). 

A variety of well characterized cell lines has been established from Merkel cell 
carcinomas (Leonard et al. 1993; Moll et al. 1994). In vitro, some tumor lines 
closely resemble the in vivo-tumor cells and thus will be useful to further clarify 
the nature of Merkel cell carcinomas. Moreover, these lines may be helpful in es- 
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tablishing new therapeutic approaches to improve the currently mostly fatal out- 
come for the patients. 
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Summary 

Glycoproteins and proteoglycans are involved in tumor genesis, progression, 
and metastatic activity. 

Hence, glycoprotein and proteoglycan immunohistochemistry was applied to 
material of nine cases of Merkel cell carcinomas preserved in paraffin. Merkel cell 
tumors were identified by cytokeratin and neurofilament immunohistochemistry. 
Antibodies against laminin and type IV collagen were used to reveal basement 
membrane material. 

An atypical distribution of laminin and type IV collagen with localization out- 
side the basement membranes suggests high invasiveness. The reduced intensity 
of the cellular and cell membrane-associated reaction of heparan sulfate (HS) an- 
tibodies in comparison to normal epidermal cells may be a sign of low differentia- 
tion. The intensive reaction of antibodies against chondroitin (Ch)-type glycosa- 
minoglycans with the tumor stroma and the pericellular substance in-and-around 
well-vascularized tumor septae may indicate high proliferation and migration ac- 
tivity of the cells. 0-Linked glycans, typical for the mucins of most epithelia seem 
to be absent as shown by the lectin binding pattern of Merkel cell carcinoma cells, 
a fact underlining the undifferentiated state of the tumor cells. Mannose-specific 
lectins not applied before to Merkel cell tumors as well as HPA showed no reac- 
tion or only weak reactions with the tumor cells. The lectin reaction of the tumor 
stroma, was intermediate between the tumor cells and extra-tumoral stroma indi- 
cating an influence of tumor cells on the stromal constituents in the Merkel cell 
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carcinoma. 

The findings point to a low degree of differentiation and high malignancy of the 
tumors. The methods used have proved to be of diagnostic and prognostic value 
and should be further standardized for such purposes. 



Introduction 

Glycoconjugate studies in normal Merkel cells by lectins have been performed 
earlier (Rosati et al. 1984). So-called Merkel cell tumors represent early metasta- 
sizing neoplasms of high grade malignancy (Sibley et al. 1985; Bergere et al. 
1990; De-Cesare et al. 1990; Waibel et al. 1991). Its cells contain neuron-specific 
enolase, chromogranin, synaptophysin, various peptides in neuroendocrine gran- 
ules, epithelial membrane antigen (E29), a cytoskeleton out of neurofilaments, and 
low molecular weight cytokeratins (Battifora and Silva 1986; Moll et al. 1986; 
Heenan et al. 1990). Lectins and proteoglycan antibodies have been applied to a 
number of different tumors including Merkel cell carcinoma (Zina et al. 1983; Pa- 
jor et al. 1986; Esko et al. 1988; Massone et al. 1988; Ramirez-Bosca et al. 1988; 
Olivero et al. 1990; Seiz et al. 1990; Jackson et al. 1991; Waibel et al. 1991; lozzo 
and Cohen 1994; Penneys and Shapiro 1994; Timar et al. 1994; Schuhmacher 
1995; lida et al. 1996; Knutson et al. 1996; Burg et al. 1999; Engelberg 1999; 
Kalish et al. 1999; Kleeff et al. 1999; Stanley et al. 1999; Vlodvsky et al. 1999). 



Methods 

Material of Merkel cell tumors preserved in paraffin (five primary tumors, one 
local recurrent one, and three metastases) was provided by the Department of Pa- 
thology, University of Marburg and the Department of Dermatology, University of 
Hamburg. For the diagnosis of a Merkel cell carcinoma, monoclonal vimentin, cy- 
tokeratin (CK), and neurofilament (NF) antibodies were used. 

Anti-type IV collagen or laminin antibodies served for the detection of base- 
ment membrane material. Specific monoclonal antibodies against HS, unsulfated 
chondroitin (C-O-S), chondroitin-4- and -6-sulfates (C-4-S, C-6-S) (Davidoff and 
Schulze 1990) were used for the detection of proteoglycans. Omission of the first 
antibodies or the chondroitinase treatment unmasking CS epitopes were used as 
negative controls, sections with articular cartilage and the mast cells of the tumor 
tissue as positive controls. Lectins used for histochemistry are shown in Table 1. 
Control reactions were performed in the presence of the inhibitory monosaccha- 
rides or following neuraminidase predigestion (Plendl et al. 1989). 

For the type IV collagen, laminin and HS immunoreactions as well as the MAA 
reaction and PAS staining, only seven cases have been evaluated because the ma- 
terial available was limited. 
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Results 

A positive PAS reaction is visible in the basement membranes, the connective 
tissue around the tumor nodes, the tumor septae and the tumor stroma. Near the 
surrounding tissue of tumor nodes or blood vessels, a PAS-positive pericellular 
network can be observed. Tumor cells are PAS-negative. 

Type IV collagen is found in basement membranes as well as in the perivascu- 
lar stroma and in some regions forms a network in the intercellular spaces. The 
laminin reaction is very similar. 

In the cells and cell membrane-associated substances a reaction for HS is visi- 
ble. The tumor stroma reacts less intensely. Staining of normal epidermis shows 
higher intensities in the cells and membrane-associated substance as compared to 
staining in tumors. With CS (C-4- and C-6-sulfated) antibodies, the reaction inten- 
sities are higher in the tumor connective tissue than in the extra-tumoral connec- 
tive tissue. The most extended staining of the tumor stroma is observed using the 
C-6-S antibody. A network of pericellular substance containing C-4-S and C-6-S 
is present near to the connective tissue surrounding tumor nodules and near to the 
larger tumor septae containing blood vessels. It resembles the pericellular PAS, 
laminin or type IV collagen network (Table 1). There is no immunoreactivity with 
the C-O-S antibody. Controls without chondroitinase digestion also show a slight 
reaction, which may indicate the presence of incompletely glycosylated proteogly- 
cans. 

Most of the GalNac-speciflc lectins as well as the Fuc-specific UEA-I do not 
react with the tumor cells (Tables 2, 3). HPA also shows no reaction or only faint 
reactions with the tumor cells, even in material from metastases. In contrast to the 
CS antibodies, lectins react with higher intensities in the extra-tumoral connective 
tissue as compared to the tumor stroma and cells. All lectins show a reaction in the 
extra-tumoral tissue. The staining intensities of intra-tumoral connective tissue 
were between that of tumor cells and extra-tumoral connective tissue. The mono- 
saccharide controls showed no staining at all or a drastic reduction of the staining 
intensities. 

Tab. 1 Immunoreactivity of chondroitin type proteoglycan antibodies using tu- 
mor No 3 as an example 



Stmcture Chondroitin 


Chondroitin-4-S 


Chondroitin-6-S 


Cytoplasm 


- 




- 


Cell nucleus 


- 


+ 


- 


Pericellular S. 


- 


+++ 


++++ 


Tumor Stroma 


- 


+ 


++++ 


Connect.T.l. 


- 


++ 


+++ 


Connect.T.d. 


+ 


++ 


++ 


Adipose T. 


+ 


+ 


+++ 



S. = substance, Connect. = connective, T. = tissue, 1. == loose, d = dense 
- = no reaction, + = uncertain reaction, ++ = well visible reaction, +++ = intense reac- 
tion, ++++ = very intensive reaction 
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Tab. 2 Lectins, their species of origin, their nominal sugar specificity and source 
used in this study 



Abbreviation 


Source 


Nominal sugar 


Supplier 


HPA 


Helix pomatia 


GalNAc 


Sigma 


SBA 


Glycine max 


GalNAc 


Sigma 


IRA 


Iris reticulata 


GalNAc 


In house 


APA 


Aegopodium podagraria 


GalNAc 


In house 


UEA-I 


Ulex europaeus 


Fuc 


Sigma 


CMA 


Chelidonium majus 


GlucNAc 


In house 


WGA 


Triticum aestivum 


GlucNAc 


Sigma 


UDA 


Urtica dioica 


GlucNAc 


In house 


AUA 


Allium ursinum 


Man 


In house 


HHA 


Hippeastrum hybrid 


Man 


In house 


Con-A 


Concanavalia ensiformis 


Man/Glc 


Sigma 


LCA 


Lens culinaris 


Man/Glc 


Sigma 


ACA 


Amaranthus caudatus 


Gal 


In house 


MAA 


Maackia amurensis 


Sialic acid 


Vector 


SNA-I 


Sambucus nigra 


Sialic acid 


In house 



Tab. 3 Lectin binding to the tumor cells 



Tumor Nr. 


1 


2 


3 


4 


5 


6 


7 


8 


9 


Lectin 


HPA 


+ 


_ 


_ 


_ 


_ 


+ 


++ 


_ 


_ 


SBA 


+ 


+ 


- 


- 


+ 


+ 


+ 


- 


- 


IRA 


- 


+ 


+ 


- 


+ 


- 


- 


- 


- 


APA 


- 


- 


- 


- 


- 


- 


+ 


- 


+ 


UEA-I 


- 


- 


- 


- 


- 


- 


- 


- 


- 


CMA 


++ 


+ 


++ 




+ 


++ 


++ 


+ 


- 


WGA 


+ 


++ 


+++ 


++ 


++ 


+++ 


++ 


++ 


+++ 


UDA 


++ 


++ 


++ 


++ 


+++ 


+++ 


++ 


++ 


++ 


AUA 


+ 


+ 


- 


- 


+ 


++ 


+ 


- 


- 


HHA 


+++ 


+ 


++ 


+ 


+ 


++ 


+++ 


- 


- 


Con-A 


++++ 


++++ 


+++ 


++++ 


++++ 


++++ 


++++ 


++++ 


++++ 


LCA 


++ 


+++ 


++ 


+ 


+++ 


+++ 


+++ 


++ 


+ 


ACA 


++ 


++ 


++ 


++ 


+ 


+++ 


+++ 


++ 


++ 


MAA 


- 


- 


- 


- 


n.d. 


- 


- 


n.d. 


n.d 


SNA-I 


++ 


+ 


++ 


++ 


+ 


+++ 


++ 


+ 


+ 
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Discussion 

The deposition of laminin and type IV collagen outside basement membranes 
has been found to be an immunohistochemical marker of invasive capacity, espe- 
cially in the case of laminin-5 (Felix et al. 1999; Kosmehl et al. 1999; Skyldberg 
et al. 1999; Stallmach et al. 1999; Ziober et al. 1999). GAG antibodies and the 
laminin antibody produce a similar distribution pattern which can be explained by 
the well-known binding of CS and HS to laminin (Blase et al. 1996; Knutson et al. 
1996; Elias et al. 1999; Lugassy et al. 1999). 

HS is reduced in a number of tumors showing a low degree of differentiation. 
Heparanase expression has been found to be a predispositon for malignancy (Ti- 
mar et al. 1994; Knutson et al. 1996; Nackaerts et al. 1997; Burg et al. 1999). Our 
results indicate a reduced HS reaction in Merkel cell tumors. An upregulation or 
accumulation of Ch-type proteoglycans has been reported in the extracellular sub- 
stances of several carcinomas (Jackson et al. 1991; Hinrichs et al. 1999; Ricci- 
ardelli et al. 1999; Stanley et al. 1999). The intensive immunoreactions with C-6-S 
and C-4-S antibodies in our study are in agreement with such studies (Murata 
1980; Nigam et al. 1982; Romans et al. 1994; Knutson et al. 1996). In general, the 
most pronounced proliferation activity of tumor cells takes place in regions with 
good vascularization and high CS-reactivity, indicating a possible role of CS in 
Merkel cell tumor proliferation. 

Man-specific lectins (AUA, HHA), not tested before in the study of Merkel cell 
carcinomas, show no reaction or weak reactions with the tumor cells. Other new 
lectins (IRA, APA, ACA, SNA-I) confirm earlier reports with other lectins of the 
same specificity. There is only an occasional reactivity with GalNAc-specific and 
Fuc-specific lectins (Pajor et al. 1986; Waibel et al. 1991) pointing to the presence 
of 0-linked mucus-type-glycoproteins typical for most of the differentiated epithe- 
lial cells (Strous and Dekker 1992). Thus, the glycosylation pattern of Merkel cell 
carcinoma cells differs substantially from the pattern of normally differentiated 
epithelial cells. The lack of reaction with HPA, known to react with tumor cells of 
epithelial origin (Thies et al. 2001), may be explained by an advanced dedifferen- 
tiation with loss of epitopes reacting with HPA. 

The changed reaction intensities in the stroma and pericellular substance as 
compared to extra-tumoral connective tissue are in accordance with a control of 
the tumor stroma by neoplastic cells (Jackson et al. 1991). 
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Summary 

Merkel cell carcinoma (MCC) is a rare aggressive neuroendocrine tumor of the 
skin. The genetic mechanisms underlying the development and tumor progression 
of MCC are poorly understood. We showed by comparative genomic hybridiza- 
tion analysis that the pattern of chromosomal abnormalities in MCC resembles 
that of small cell lung carcinoma (SCLC). Both tumors also share clinical and 
immunophenotypical characteristics. In addition, MCC cell lines can also be 
grouped, analogous to SCLC, into two different biological subgroups, namely 
Variant versus Classic MCC cell lines. In order to obtain more insight into the mo- 
lecular pathogenesis of MCC and to find typical gene expression signatures asso- 
ciated with the phenotypically different subgroups of MCC cell lines, we deter- 
mined the gene expression profiles of five Variant and five Classic MCC cell lines 
by the use of Atlas cDNA expression arrays. Supervised analysis allowed us to 
identify a set of 89 highly significant differentially expressed genes, which al- 
lowed classification of the MCC cell lines into the Variant and Classic subgroups. 
Genes mainly involved in cell cycle progression and cell proliferation showed 
higher expression levels in Variant MCC cell lines, mainly reflecting their more 
clinical aggressive behavior. Genes involved in signal transduction, neurotrans- 
mission and neuronal development showed a higher expression level in Classic 
MCC types associated with their more neuroendocrine and differentiated charac- 
ter. We assume that the differential expression levels of some of these genes re- 
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fleet, analogous to SCLC, the different biological and clinical properties of Vari- 
ant and Classic MCC phenotypes. Some of these genes could serve as useful 
prognostic markers and potential targets for the development of new therapeutic 
interventions specific for each subgroup. 



Introduction 

Merkel cell carcinoma (MCC) is a rare aggressive neuroendocrine skin tumor, 
mostly affecting elderly people. The disease occurs predominantly on the sun- 
exposed areas of the skin suggesting UV-exposure in its etiology (reviewed in 
Goessling et al. 2002). The number of MCC tumors and cell lines which have 
been cytogenetically investigated is relatively small (Van Gele et al. 2002). Al- 
though no recurrent translocations have been reported, cytogenetic analysis 
showed near-diploid karyotypes with complex structural changes in most cases, 
often presented as multi-way translocations. The distal part of the short arm of 
chromosome 1 is frequently affected and has been reported as the sole structural 
chromosome change in three MCC tumors (Gibas et al. 1994; Van Gele et al. 
1998a; Van Gele et al. unpubl. results). In contrast to the rather inhomogeneous 
pattern of chromosomal changes described in cytogenetic studies, CGH analysis 
revealed a number of typical chromosomal imbalances including loss of chromo- 
somal regions 3p, 5q, 8p, 10, llq, 13q and 17p and gain of chromosomal regions 
1, 3q, 5p and 8q (Van Gele et al. 1998b). Interestingly, the pattern of gains and 
losses resembled the pattern observed in previous CGH reports of small cell lung 
carcinoma (SCLC) (Ried et al. 1994; Levin et al. 1995; Petersen et al. 1997). 

MCC and SCLC are both derived from neuroendocrine cells and share some 
clinical and immunohistochemical properties. In addition, similarities in morphol- 
ogy and growth characteristics were observed in cell lines derived from both MCC 
and SCLC. Comparable to SCLC cell lines, MCC cell lines can also be grouped 
into four different morphological classes (Type I to IV). In addition, different ex- 
pression patterns of cytokeratins and neuroendocrine markers, such as chromo- 
granin A and neuron-specific enolase, allowed further classification of these cell 
lines into Classic and Variant groups (Carney et al. 1985; Leonard and Bell 1997). 
Recent studies on the POU-IV family member Brn-3c and basic helix-loop-helix 
transcription factor HATHl have shown that lack of their expression was linked to 
loss of the neuroendocrine phenotype of Variant MCC cell lines (Leonard et al. 
2002 ). 

In contrast to MCC, numerous molecular genetic studies have been performed 
on SCLC which contributed to the understanding of SCLC pathogenesis (reviewed 
in Fong et al. 1999; Minna et al. 2002). In addition, histochemical markers and 
differentially expressed genes distinguishing Classic from Variant SCLC cell lines 
have been identified and led to an improved understanding of the underlying ge- 
netic basis responsible for the biological and clinical heterogeneity among small 
cell lung cancers (Broers et al. 1985; Zhang et al. 2000). 
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In order to obtain further insights into the molecular pathogenesis of MCC, the 
factors influencing cell line morphology, aggressiveness and neuroendocrine phe- 
notype, we decided to determine the gene expression profiles of ten MCC cell 
lines using Atlas cDNA expression arrays containing 1891 unique genes involved 
in many cellular functions. 



Material and Methods 

Cell Lines 

Merkel cell carcinoma cell lines MCC5, MCC6, MCC13, MCC14/1, MCC14/2 
and MCC26 were established at the Queensland Radium Institute Laboratory, 
Queensland, Australia and have been described in detail previously by Leonard et 
al. (1993, 1995). MCC cell line UISO was described by Ronan et al. (1993), 
MKL-1 by Rosen et al. (1987). MKL-2 was established at the Robert H. Lurie 
Comprehensive Cancer Center, Illinois, USA and reported by Van Gele et al. 
(2002). T95-45 was established at the Center for Medical Genetics, Ghent, Bel- 
gium. Most cell lines were previously analyzed by CGH and/or M-FISH (Van 
Gele et al. 1998b, 2002). Table 1 provides an overview of the growth and morpho- 
logical characteristics and classification of the MCC cell lines used in the differen- 
tial gene expression analysis. 

cDNA Array Hybridization 

Total RNA from cell lines was extracted using the Atlas Pure Total RNA La- 
beling System (Clontech Laboratories, Palo Alto, CA, USA) and DNase I (Roche) 
treated. The quality and integrity of the DNase-treated RNA were checked by 
ethidium bromide agarose gel electrophoresis. Expression analysis was performed 
using the Atlas Human 1.2 (7850-1) and Atlas Human Cancer 1.2 (7851-1) nylon 
arrays (Clontech Laboratories, Palo Alto, CA, USA). Both filters contained 1176 
of which 461 were present on both arrays. For each sample, 12.5 pg of total RNA 

was used in the cDNA probe synthesis with [a-^^P]dATP (NEN Life Science 
Products, Boston, MA, USA) and performed according to the Clontech Atlas 
cDNA Expression Arrays User Manual. Purification of the probe, hybridization 
and washes were done following the manufacturer's instructions (Clontech). Each 
cell line was simultaneously hybridized to both filters. After the washes, mem- 
branes were exposed for one to three nights to phosphoimager plates and scanned 
with a Storm Phosphoimaging System (Molecular Dynamics, Sunnyvale, CA, 
USA). 

Analysis of cDNA Arrays 

The scanned gel images were converted to 16bit TIFF-file format. Signal inten- 
sities were quantified using the VisualGrid software version 2.1 
(http://www.GPC-Biotech.com). Analysis software was used for further primary 
data analysis. In short, the spot intensities were corrected for the local background 
signal intensity, followed by a spot quality control step to exclude spots influenced 
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by overshining effects of adjacent spots. Constitutive genes were selected (the 
50% of spots showing the lowest coefficient of variation over all arrays) and used 
for normalization. 

Expression Data Analysis 

Genes with an expression value above background level in at least four of the 
analyzed samples were selected for further analysis. This resulted in a total of 
1513 genes of which 410 were common genes. 

We used the SAM algorithm (Significance Analysis of Microarrays, 
http://www.stat-class.stanford.edu/SAM/SAMServlet) which allows supervised 
identification of significantly expressed genes between predefined sample groups. 
Cluster and Treeview software were used for visualization of the data (Eisen et al. 
1998). 



Results 

Identification of Differentially Expressed Genes in Variant Versus Classic 
MCC Cell Lines 

In order to extract significant differentially expressed genes between Variant 
and Classic MCC cell lines, we adapted a supervised strategy. Briefly, two sample 
groups namely Variant («=5) and Classic («=5) MCC cell lines were predefined. 
Subsequently, a two-class SAM-analysis on the log transformed data matrix con- 
taining 1513 genes was performed. Thirty- three genes with an increased expres- 
sion level in the Variant MCC cell lines and 56 genes with an elevated expression 
level in the Classic ones were identified. Hierarchical cluster analysis of these 89 
genes clearly confirmed the classification of the MCC cell lines in their respective 
groups (data not shown). The genes with a higher expression in the Variant cell 
lines were particularly involved in cell cycle control and proliferation. Genes with 
kinase activities, but also genes encoding for ligand and voltage-gated ion chan- 
nels, neuromediators, GDP/GTP exchangers and signal transduction receptors 
showed an increased expression level in the Classic MCC cell lines. 



Discussion 

Supervised analysis of array gene expression data revealed for the first time 
particular gene expression profiles for Variant and Classic MCC cell lines, respec- 
tively. We identified 89 highly significant differentially expressed genes of which 
33 were higher expressed in the Variant MCC cell lines and 56 higher expressed 
in the Classic types. Upregulated genes in the Variant cell lines were involved in 
cell cycle control (CCNDl, CCNBl and G1 to S phase transition protein 
1 homolog) and cell proliferation {HSP60, CSK2, MMPll, DBPA, MAPK9, FRAl 
and MAP kinase 38). Some of these upregulated genes are possibly correlated with 
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Table 1. Characteristics of MCC cell lines used for gene expression profiling 



MCC 
Cell line 


Morpholo- 
gical type 


Colony 

shape 


Colony 

aggregation 


Classification^ 


MCC5 


I 


3-d 


Tight 


Classic 


MCC6 


I 


3-d 


Tight 


Classic 


MCC 13 


IV 


Flat 


na'’ 


Variant 


MCC 14/1 


IV 


Flat 


NA 


Variant 


MCC 14/2 


IV 


Flat 


NA 


Variant 


MCC26 


IV 


Flat 


NA 


Variant 


UISO 


IV 


Flat 


NA 


Variant 


MKL-1 


III 


2-d 


Loose 


Classic 


MKL-2 


III 


2-d 


Loose 


Classic 


T95-45 


II 


3-d 


Loose 


Classic 



^ Classic MCC cell lines have elevated expression levels of neuroendocrine markers 
including neurone-specific enolase and Chromogranin A and contain neurosecretory 
granules. Variant MCC cell lines have a selective loss of neuroendocrine markers including 
Chromogranin A and do not contain neurosecretory granules as evidenced by electron 
microscopy (Leonard and Bell 1997). 

^ Not applicable, adherent growing cell lines 



the shorter doubling time and aggressive nature of the Variant MCC cell lines as 
illustrated by the high cloning efficiency in vitro of these cell lines and poor re- 
sponse to radiation (Leonard and Bell 1997). In addition, we observed high ex- 
pression of vimentin, a mesenchymal marker, together with FRAl (FOS-related 
antigen 1). A tight correlation of vimentin and FRAl expression has also been re- 
cently found in highly invasive breast cancer cell lines pointing at a possible role 
in tumor progression and enhanced cell migration of these cancer cells (Za- 
jchowski et al. 2001). These two genes could be significant prognostic markers for 
the more aggressive MCC Variant types. Increased expression of vimentin has 
also been previously observed by immunochemical studies in Variant SCLC cell 
lines (Broers et al. 1985, 1986) and as a result of a suppression subtractive hy- 
bridization experiment comparing a Variant to a Classic SCLC cell line (Zhang et 
al. 2000). These observations could point at a similar mechanism of tumor pro- 
gression or metastatic properties between MCC and SCLC Variant phenotypes. A 
subset of genes with an increased expression level in the Classic cell lines are in- 
volved in signal transduction pathways leading to uncontrolled cell growth when 
overexpressed. This is exemplified by genes such as MAPK3, MAPK7 and 
MAPKK7 involved in the mitogen-activated protein (MAP) kinase pathway and 
genes such as PI3-K p85 beta and PI4K-alpha in the phosphatidylinositol 3 -kinase 
(PI3 K) pathway. In addition. Classic cell lines showed increased expression of 
genes encoding for neuromediators and neurotransmitters and proteins involved in 
neuronal development such as lissencephalin and MARCKS-related protein 





200 van Gele et al. 



{MLP). This reflects the neuroendocrine and differentiated character of the Classic 
types. Ligand- and voltage-gated ion channels and receptors essential for neuro- 
transmission were also upregulated. Some of these ion channels are known to play 
a role during mechanical stimulation of normal Merkel cell receptors (Baumann et 
al. 2000; Tazaki et al. 2000). Their specific function in MCC tumor cells has yet to 
be elucidated. 

The differential expression levels of some of these markers reflect the different 
biological and clinical properties of Variant and Classic MCC phenotypes. Inter- 
estingly, SCLC tumors derived from morphological Variant cell lines are more 
aggressive and patients have a worse prognosis (Gazdar et al. 1985). Comparable 
to SCLC, lack or overexpression of Variant MCC markers could indicate a subset 
of more aggressive MCCs for which more intensive treatment and closer follow- 
up are warranted. Future investigations of overexpressed markers or deregulated 
pathways involved in Variant and Classic MCC cell lines could lead to potential 
targets for development of new therapeutic strategies specific for each subgroup. 

In conclusion, we generated a gene expression-based classification of two bio- 
logical and clinical distinct subgroups of MCC. This could result in a more selec- 
tive therapeutic treatment and improvement of MCC patient outcome. Our study 
serves also as a first step to study differentially expressed genes involved in cell 
proliferation, signal transduction and neurotransmission in further detail, finally 
leading to more insight into the complex and heterogeneous biology of MCC. 
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Summary 

We have examined a number of developmentally regulated transcription factors 
for expression in Merkel cells and MCC cell lines and demonstrated that their ex- 
pression patterns may be prognostic in MCC. We have shown that human Merkel 
cells from adult scalp hair follicle and from neonatal foreskin epidermal sheets ex- 
press Bm-3c and HATHl. In addition, results demonstrate that the novel Merkel 
binding activity complex MNF contains Bm-3c. Moreover, Classic lines which re- 
tain neuroendocrine phenotype, are slow growing in culture, grow in suspension 
and are thought to be less aggressive, retain Bm-2, Bm-3c and HATHl expres- 
sion, whereas Variant suspension lines which no longer express NE markers retain 
Bm-2 and Bm-3c expression, but lack HATHl. Further, Type IV Variant lines 
which grow as adherent monolayers have shorter doubling times, are more radia- 
tion-resistant and have higher cloning efficiencies in soft agar, all thought to be 
indicative of aggressive tumours, have reduced or no Bm-2 proteins and lack ex- 
pression of Bm-3c and HATHl transcription factors. 



Skin Cancer in Australia 

The settlement of tropical areas of the world with people of fair complexion has 
resulted in these regions having very high rates of skin cancer. This is the case in 
Australia (Armstrong and Kricker 2001); in particular, the State of Queensland 
(QLD) at latitude 27°S-1 US, is often called the Skin Cancer Capital of the World. 
Many of the first Caucasian settlers in QLD were of Celtic origin with fair skins 
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which are much more sensitive to sunburn (Siskind et al. 2002; Youl et al. 2002). 
The Australian culture, which has evolved believing that to be tanned is to be 
healthy, has led to an increased exposure to the sun rather than avoidance. The re- 
duction in working hours and changes in standards of dress has meant more lei- 
sure time spent at the beach or outdoors in much less clothing (Youl et al. 2002). It 
is hardly surprising, therefore, that the incidence of skin cancer has been steadily 
rising in Australia (Armstrong and Kricker 2001). 

An increasing number of patients with Merkel cell carcinoma (MCC) have been 
referred to the Department of Oncology at the Royal Brisbane Hospital, formerly 
the Queensland Radium Institute (QRI) which is one of the main tertiary referral 
centres for radiation therapy in Queensland and it is this that initiated the research 
into MCC. Recent data from the Queensland Cancer Registry give the incidence 
and mortality of MCC and melanoma in Queensland for the period 1993-1999 
(Table 1) and show that there is an upward trend in MCC incidence with a con- 
comitant increase in the number of people dying from MCC. 

Table 1. Incidence and mortality data for MCC and melanoma in Queensland 



Year 


Merkel cell carcinoma 


Melanoma 






Incidence 


Mortality 


Incidence 


Mortality 


1992 


- 


9 


- 


159 


1993 


15 


6 


1486 


173 


1994 


14 


3 


1570 


205 


1995 


30 


9 


1745 


192 


1996 


26 


5 


1908 


169 


1997 


37 


12 


2035 


177 


1998 


50 


10 


2046 


219 


1999 


35 


15 


1976 


228 



Etiology 



The majority of MCC cases (41 of 65 cases) seen at QRI between 1981-1990 
were from the head and neck region (Meeuwissen et al. 1995) with many of the 
patients having signs of long-term skin damage suggesting chronic sun exposure 
may be causal. In addition, there is now molecular evidence to support the view 
that sun exposure is involved in etiology, with recent reports demonstrating UV- 
B-type mutations in the p53 and (Ha)ras genes in some MCC cell lines (Van Gele 
et al. 2000; Popp et al. 2002). Despite this, the process of neuroendocrine cell car- 
cinogenesis, and basis of therapeutic responsiveness of these tumours remains 
poorly understood, limiting opportunities for improving clinical outcomes. In or- 
der to study this process, we established a number of MCC cell lines. 
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Merkel Cell Carcinoma Cell Lines 

The series of MCC-derived cell lines were classified into two groups, those 
which retained their neuroendocrine phenotype and contained neurosecretory 
granules (Classic) and those in which no granules were observed by electron mi- 
croscopy (Variant) following the classification for small cell lung cancer (SCLC; 
Carney et al. 1985; Gazdar et al. 1985). Within these groups, cell lines were fur- 
ther subdivided into four classes according to growth morphology: types I-III 
grew in suspension (Classic lines mainly confined to types I and II), whereas type 
IV grew as adherent monolayers, again following the classification for SCLC lines 
(Carney et al. 1985; Gazdar et al. 1985). Variant lines had shorter population dou- 
bling times in culture, were generally more radiation-resistant and tended to be 
more aneuploid (Leonard et al. 1993, 1995a,b). SCLC Variant lines form tumours 
more rapidly in nude mice, and patients with SCLC from whom Variant lines are 
established have a much poorer prognosis (Gazdar et al. 1985). 



Developmental Regulatory Protein Expression 

Merkel cells are thought to be a post-mitotic lineage, dividing Merkel cells hav- 
ing never been observed in normal skin (Moll et al. 1996). Therefore, cancer cells 
must be derived either from a stem cell which has not undergone differentiation, 
or must escape post-mitotic differentiation in order for the cancer to grow and di- 
vide. Data from skin grafts suggest that there is a stem cell since Merkel cells ap- 
pear in grafts post-transplantation (Compton et al. 1990), but the cell has not yet 
been identified. In addition, many of the genetic changes seen in cancer cells 
cause alterations in genes involved in transcriptional regulation, for example, 
genes which are normally only switched on during embryogenesis (Monk and 
Holding 2001). One class of developmental regulators are the POU domain family 
of transcription factors, first recognised as a family by the identification of a bipar- 
tite DNA binding domain (Sturm and Herr 1988) made up of POU-specific and 
POU-homeo domains in the transcription factors Pit-1, Oct-1 and Unc86 which 
gave the family its name (Herr et al. 1988; Herr and Cleary 1995; for reviews see 
Rosenfeld 1991; Latchman 1999). The identification of Oct-1 was the first of what 
is now a large family of octamer binding proteins belonging to the POU class of 
transcription factors. 



Octamer Transcription Factors 

The octamer family of transcription factors was named according to the eight- 
base sequence of DNA (octamer) to which they bind (Sturm et al. 1988). Further 
members were identified in nuclear extracts prepared from mouse tissues (Scholer 
et al. 1989), with five cDNAs coding these proteins termed Bm-l-Bm-5 (for brain 
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1-5; He et al. 1989; Hara et al. 1992). In humans, complexes containing these pro- 
teins have been termed N-Oct proteins (for neuronal octamer binding proteins; 
Rosenfeld et al. 1991). Our work has concentrated on the Bm-3 proteins (POU 
class IV genes) which recognise a divergent octamer-related sequence and only 
bind the consensus octamer poorly, whereas the Bm-2 protein (POU class III 
gene) is able to bind both the consensus and the divergent target sites of the Bm-3 
family (Latchman 1999). 



Octamer Proteins and Cancer 

Octamer protein expression in human tumours and tumour cell lines has been 
examined previously (Collum et al. 1992; Schreiber et al. 1992; Thomson et al. 
1993, 1995), with astrocytoma and glioblastoma cell lines found to have a limited 
expression of octamer proteins. When compared to primary tumours which ex- 
pressed most of the N-Oct proteins (N-Oct-2 through to N-Oct-5), the cell lines 
had a restricted pattern, with two astrocytomas lacking N-Oct-4 and all eight 
glioma lines expressing only very low levels of Oct-1 (Schrieber et al. 1994). 
Early work from our group showed that melanocytes, melanomas and melanoma 
cell lines expressed Oct-1, N-Oct-3 and N-Oct-5 (Thomson et al. 1993), however 
N-Oct-3 and N-Oct-5 are both products of the brn-2 gene (Thomson et al. 1995; 
Atanasoski et al. 1997; Smith et al. 1998). In addition, when Bm-2 expression is 
ablated by the use of antisense RNA vectors in a tumorigenic human melanoma 
cell line MM96L, the cell line was no longer capable of forming tumours in nude 
mice (Thomson et al. 1995). 



Expression of Octamer Proteins in MCC 

Brri‘2 

Examination of a number of MCC cell lines, by electrophoretic mobility shift 
assay (EMSA), determined that there was less N-Oct-3 and N-Oct-5 in the MCC 
lines when compared with SCLC or melanoma cell lines, both of which have high 
levels of these proteins (Thomson et al. 1994). However, MCC suspension cell 
lines had more than MCC adherent lines which had little or no detectable N-Oct-3 
or N-Oct-5 (Fig. 1 A). We have further investigated this result by Western analysis 
using a polyclonal antibody to Bm-2 protein (Smith et al. 1998) which confirmed 
that MCC suspension lines had more Bm-2 than adherent lines (Fig. IB). This re- 
sult indicated that the Variant MCC suspension cell line, MCCl, had relatively 
less protein than MCC5 or MCC6 Classic lines when compared to GAPDH levels. 

Brn-Sa and Brn-Sb 

Both of the brn-Sa and brn-Sb genes have two protein isomers (Theil et al. 
1993, 1995). The short form of Bm-3a, Bm-3a(s), occurs through alternative RNA 
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Fig. lA, B. Expression of Bm-2 in MCC cell lines. A EMSA of MCC and SCLC cell 
lines with the non-consensus octamer probe (OA25) to which Bm-2 and Bm-3 proteins 
bind and as control a mutant octamer probe (dpm8) to which these proteins do not bind. 
Binding activities of Oct-1, the neuronal octamer protein N-Oct-2, the brn-2 gene proteins 
N-Oct-3 and N-Oct-5 and MNF are indicated. B Western analysis for Bm-2 proteins of 
neuroendocrine cell lysates using a polyclonal antibody to Bm-2: MCC Variant suspension 
line MCCl, Classic suspension lines MCC5 and MCC6, Variant adherent lines MCC 13, 
MCC14/1, MCC14/2, and MCC26, SCLC (NCI-H69, CorL88), Schultz a Ewing's sarcoma 
line and as control the cervical cancer line HeLa. Relative to SCLC and Ewing's sarcoma 
lines, all MCC lines had reduced amounts of N-Oct-3 and N-Oct-5 with Classic MCC lines 
having higher levels than Variant ones and only one adherent line MCC 14/1 having detect- 
able levels of protein 
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splicing and lacks 80 N-terminal amino acids resulting in a truncated version of 
Bm-3a(l). Bm-3b(s) is derived from the use of an alternative translation initiation 
codon which produces a shorter protein, Bm-3b(s), but one which has an addi- 
tional nine amino terminal residues not present in Bm-3b(l). Bm-3a has an impor- 
tant role in neural development and is able to induce expression of a number of 
synaptic vesicle proteins, including SNAP-25, essential for neurite outgrowth, and 
stimulate the expression of three neurofilament genes which provide support for 
neurite elongation and axon growth (reviewed by Latchman 1999). In the trigemi- 
nal ganglion, it is also required for correct neurotrophin receptor expression, criti- 
cal for sensory neurone survival and differentiation (Huang et al. 1999). Its role in 
neuroendocrine cells has not been determined. Bm-3a is also able to induce ex- 
pression of the anti-apoptotic protein Bcl-2 (Budhram-Mahadeo et al. 1999a). This 
is mediated by the N-terminal domain of Bm-3a(l), absent in Bm-3a(s) that is 
thought to interact with a neurone-specific co-activator protein. Interestingly, this 
domain is not required for Bm-3a to activate neurite outgrowth or neurofilament 
induction. The p53 tumour suppressor protein is able to inhibit bcl-2 promoter ac- 
tivation by Bm-3a, possibly mediated by a p53 DNA binding site adjacent to the 
Bm-3a binding site in the bcl-2 promoter (Budhram-Mahadeo et al. 1999a). 

Bm-3b protein, in contrast to Bm-3a, inhibits neural outgrowth by active re- 
pression of genes induced by Bm-3a (Latchman 1999) and by forming inactive 
heterodimers with Bm-3a, it interferes with Bm-3a activation (Theil et al. 1995). 

Mice nullizygous for brn-3b~^~ have defective retinas, lacking approximately 
70% of the retinal ganglion cells (RGCs), prompting Xiang (Xiang 1998) to sug- 
gest that these RGCs in the developing mouse retina require Bm-3b, while the re- 
maining 30% can form independently of Bm-3b. However, recent work of Erk- 
man and co-workers (Erkman et al. 2000), demonstrated that Bm-3b was at the 
head of a cascade required for axon pathfmding including genes required for cell - 
cell interactions and the actin-binding protein abLIM. In addition, nullizygous 

brn-3b~^~ have a total loss of Bm-3a in the developing retina (Erkman et al. 1996; 
Trieu et al. 1999), suggesting Bm-3b also induces Bm-3a. Moreover, sequence 
analysis of the brn-3a gene revealed Bm-3 protein recognition sequences occur 
approximately 5 and 10 Kb upstream of the brn-3a transcription initiation site, 
thereby supporting a role for autoregulation of brn-3a by all or some Bm-3 family 
members (Trieu et al. 1999). 

Bm-3 a has been detected in neuroendocrine tumours, including SCLC, and 
rather than inducing oncogenesis, Bm-3a appears to be associated with the more 
aggressive phenotype of the tumours studied (Leblond-Francillard et al. 1997). 
Furthermore, brn-3a is over-expressed in human cervical cancer cell lines trans- 
formed by human papilloma vims oncogenes, and inhibition of brn-3a expression 
in these cells decreases their growth rate (Ndisdang et al. 1998). Northern blot 
analysis previously demonstrated brn-3a transcripts in six out of eight neuroepi- 
thelioma, four out of six Ewings sarcoma and one out of one SCLC cell lines, but 
not in eight neuroblastoma cell lines (Collum et al. 1992). Bm-3b has been impli- 
cated in sporadic, late-onset breast cancer and can repress BRCA-1 expression in 
breast cancer cells (Budhram-Mahadeo et al. 1999b). 
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We have been able to show expression of brn-Sa and brn-Sb in MCC cell lines 
by RT-PCR using specific primers first described by Xiang et al. (1995). We have 
used expression levels of Oct-1, the ubiquitously expressed POU domain family 
member, to establish relative amounts of cDNA from each cell line extract (data 
not shown). These were then utilised in three parallel PCR reactions with the spe- 
cific primers for each of the Bm-3 family subtypes to give a semi-quantitative 
level of expression (Fig. 2). In a similar result seen for that with Bm-2, relative to 
SCLC lines, all MCC lines had lower levels of Bm-3 a. Interestingly, the highest 
level was seen in MCCl, however the other Variant suspension cell line, MCC 19, 
had only trace amounts as had all the other lines examined (Fig. 2, Panel A). Tran- 
scripts of brn-3b were seen in all MCC suspension lines with MCCl and MCC 19 
Variant lines having higher relative levels then the Classic lines MCC5 and 
MCC6. Transcripts were not detected in the adherent lines or in any of the SCLC 
cell lines (Fig. 2B). Analysis of nuclear extracts of the different MCC cell lines by 
EMSA using the specific probe for Bm-3 family members did identify some com- 
plexes which were possibly due to binding of Bm-3a and Bm-3b. 

Brn-3c 

The Bm-3c transcription factor activates a similar array of genes to those acti- 
vated by Bm-3 a, but in addition, Bm-3c is involved in auditory system develop- 
ment (Erkman et al. 1996; Latchman 1999) as bm-3c~^~ mice show no startled re- 
sponse to sharp sounds and have impaired balance, both indicating inner ear 
involvement. This has been shown to be due to a progressive loss of auditory and 
vestibular cells during development (Xiang et al. 1997, 1998). In humans, an 8-bp 
deletion in the homeodomain of Bm-3c, which results in low affinity binding to 
target sequences and impaired vestibular function, has implicated Bm-3c in a form 
of hereditary hearing loss (DFNA15; Vahava et al. 1998). 

As shown in Fig. 2C, only MCC suspension cell lines contain brn-3c transcripts 
and we have also been able to demonstrate this by EMSA, where we have recently 
shown that a novel DNA binding protein identified in Merkel cell suspension cell 
lines, which we originally called Merkel Nuclear Factor (MNF; Fig. lA; Thomson 
et al. 1994) is Bm-3c (Leonard et al. 2002). In addition, immunohistochemical 
analysis of tumour specimens and cell lines showed the cell lines reflected the re- 
activity seen in the biopsy material from which they were derived. Hence, as can 
be seen in Fig. 3, specimens from which adherent lines were generated had no nu- 
clear reactivity to Bm-3c although there was some non-specific background stain- 
ing in the cytoplasm (Leonard et al. 2002). 

To determine whether this was a gain of expression of Bm-3 c in MCC suspension 
cell lines, or a loss of expression in MCC adherent lines, we then examined 
Merkel cells in adult scalp hair follicles using confocal microscopy. Dual labelling 
techniques were employed to identify Merkel cells by reactivity to a monoclonal 
antibody raised against cytokeratin-20 (Dako), a specific marker for Merkel cells 
in the skin (Moll et al. 1995) and with a polyclonal antibody to Bm-3c (BAbCo). 
As shown in Fig. 3, Merkel cells at the base of the hair shaft had dual fluorescence 
(arrows) indicating that normal Merkel cells do indeed express Bm-3c. Bm-3c 
immunoreactivity has also recently been demonstrated in Merkel cells within the 
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Fig. 2A-C. Expression of Bm-3 family genes in MCC. RT-PCR of cDNAs of MCC and 
SCLC lines with specific primers for Bm-3 genes. A Bm-3 a primers showing low levels of 
expression in MCC lines relative to SCLC lines and no detectable levels in MCC adherent 
lines. Positive control is a plasmid vector containing the open reading frame of Bm-3 a. B 
Bm-3b primers showing that only MCC suspension cell lines have detectable levels and C 
Bm-3c primers where again only MCC suspension lines have detectable levels. Closed ar- 
rows cDNA and open arrows genomic amplification. MCC suspension cell lines are 
MCC19, MCCl, MCC6 and MCC5. MCC adherent lines are MCC13, MCC26, MCC14/1 
and MCC 14/2. SCLC lines are CorL88, LICM44 and LICM107 

basal layer of neonatal foreskin epidermis (Leonard et al. 2002) by immunofluo- 
rescence using a monoclonal antibody to chromogranin-A (CHM), a basic peptide 
found in neurosecretory granules and specific for Merkel cells within the epider- 
mis (Hartschuh et al. 1989). 



The Role of HATH Genes in Neural Development 

Another family of genes which are transiently expressed in the chordotonal organs 
and photoreceptor cells, is the ATH transcription factors which are down- 
regulated as cells become post-mitotic. These genes encode a basic helix-loop- 
helix domain containing proteins which are conserved through evolution and most 
of the molecular mechanisms have been identified through work on the Droso- 
phila atonal and the mouse MATHl ortholog. As yet, the human ortholog. 
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Fig. 3. Bm-3c in hair follicle Merkel cells. Dual label of scalp hair follicle by confocal 
microscopy. Arrows indicate cells at the base of hair shaft that have dual fluorescence for 
cytokeratin-20 (Dako), a specific marker for Merkel cells and Bm-3c, using Alexa conju- 
gated secondary antibodies (molecular probes); x200 



HATHl, has not been extensively studied. Flies which lack atonal are blind and 
ataxic (Ben-Arie et al. 1996) and in mouse, ectopic expression of MATHl leads to 
neonatal death shortly after birth due to breathing difficulties with extensive ef- 
fects on the brain and nervous system (Isaka et al. 1999). Expression is restricted 
to the external granular layer of the cerebellum, the dorsal neural tube, suggesting 
involvement in the onset of migration, and Merkel cells (see below). Recently, 
Bermingham and co-workers (Bermingham et al. 1999) showed HATHl was re- 
quired for hair cell development in the cochlea. Regulation of MATHl appeared to 
be through modular elements both 5' and 3' of the coding region and in mouse, in- 
cluding autoregulation by MATHl (Helms et al. 2000). Other transcription factors 
known to be expressed in the embryonic mouse in the domains where MATHl is 
seen are MSX and PAX families (Helms et al. 2000). 
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Fig. 4A-E. Expression of proneuroendocrine genes in NE carcinoma cell lines. RT-PCR 
with specific primers for A brn-3c,B HATHl, C HASHl, D HESl and as control 60S ribo- 
somal RNA protein gene E LI 3. NE cell lines are: MCC - MCCl, MCC6, MCC14/1, 
MCC14/2, MCC26, MKL-1, MKL-2, T95-45D and UISO; SCLC - NCI-H69, CorL88, 
NCI-H146 and GLC-4: Ewing's sarcoma - RDES, SKES and Schultz; neuroblastoma - 
NGP and SK-N-AS and Till is a large cell lung carcinoma cell line 
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Touch and Hearing Responses Are Related 

In Drosophila, the cells which act as mechanoreceptors comprise the chor- 
dotonal organs found in the body wall, joints and antennae, providing the fly with 
balance and sensory information (Ben-Arie et al. 2000). Sound sensation is de- 
tected within the Johnston's Organ by ciliated sensory neurons (Eberl et al. 2000). 
Both sound and touch responses are eliminated in atonal mutant flies (Ben-Arie et 
al. 2000; Eberl et al. 2000). Recently, Ben-Arie and co-workers, using a mutant 
mouse containing lacZ in the coding region of the MATHl locus, were able to 
demonstrate that -gal positive cells in sections of hairy skin, footpad and vibrissae 
were Merkel cells. Examination of markers for Merkel cells in MATHl null mice 
revealed Merkel cells to be still present indicating MATHl was required for their 
function, but not their genesis (Ben-Arie et al. 2000). 

Examination of induced differentiation of the pluripotent human embryonal 
stem cell line NTERA-2 with retinoic acid caused a transient rise in HATHl ex- 
pression which correlated with the expression of nestin, the first of a cascade of 
genes whose expression leads to cell differentiation and exit from the cell cycle 
(Przyborski et al. 2000). 

To determine whether human Merkel cells contain HATHl, fluorescent mi- 
croscopy was used to demonstrate reactivity in Merkel cells of neonatal foreskin 
(Leonard et al. 2002). A number of neuroendocrine-derived tumour lines were ex- 
amined for expression of HATHl by RT-PCR, again using a semi-quantitative 
method to determine the relative amounts of transcripts against a control gene, the 
60S ribosomal gene LI 3a. We found that HATHl transcripts were not present in 
any SCLC, Ewings' sarcoma or neuroblastoma cell line and were only present in a 
subset of MCC cell lines all of which grew as suspension cultures (Fig. 4B) and all 
of which expressed brn-Sc (Fig. 4A). Immunohistochemical analysis of cell lines 
and tumour biopsies where available, demonstrated strong reactivity in some lines 
and their biopsies (Fig. 5). Of interest was the Variant MCC lines, as both suspen- 
sion and adherent ones were negative for HATHl reactivity, even though the Vari- 
ant suspension cell line, MCCl, had HATHl transcripts and the biopsy from 
which it was derived had HATHl positive cells (Figs. 4B, 6). 

A recent report suggests that MATHl is not expressed in mouse lung (Yang et 
al. 2001), a finding consistent with our finding of no HATHl transcripts in SCLC 
cell lines (Fig. 4B). Rather, the bHLH transcription factor MASHl ortholog of the 
Drosophila achaete-scute is required for pulmonary neuroendocrine cell develop- 
ment as in MASHl -deficient mice these cells fail to develop (Yang et al. 2001). In 
SCLC cells the human ortholog HASHl has been shown to be linked with neuro- 
endocrine phenotype (Ball et al. 1993). Interestingly, HASHl expression can be 
repressed by expression of hairy-enhancer of split- 1 (HESl) in SCLC cell lines 
with a concomitant and significant reduction of neuroendocrine markers in these 
cells (Chen et al. 1997). Examination of transgenic mice has shown that within the 
cochlea, mutation of HES 1 leads to increased numbers of hair cells and that over- 
expression of HESl blocks hair cell development, even in the presence of 
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Fig. 5. Bm-3c, HATHl and NSE reactivity in MCC biopsies and cell lines. MCC6 TC 
(Classic type I cell line) and MCC6 tumour have strong reactivity for Bm-3c, NSE and 
HATHl, MCC 14/2 TC (Variant type IV cell line) and MCC 14 biopsy are unreactive for 
NSE and HATHl and show only non-specific cytoplasmic staining for Bm-3c, x400 
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Fig. 6A-F. Bm-3c and HATHl reactivity in MCCl Variant suspension line 
A MCCl biopsy and MCCl cell line (D) are reactive for Bm-3c (arrows), but the 
MCCl cell line is negative for HATH 1(E) although the biopsy (B) shows some cells are 
positive. C and F Negative controls, x400 

MATHl. Therefore, HESl acts upstream of MATH 1 with Bm-3c acting down- 
stream of MATH 1 (Muller and Littlewood-Evans 2001). 

In order to determine if HASHl and HESl were also linked to neuroendocrine 
phenotype in MCC, RT-PCR with specific primers for HASHl and HESl was 
conducted. SCLC and neuroblastoma cell lines all had HASHl transcripts, but 
none of the MCC lines were positive (Fig. 4C). All cell lines tested had HESl 
transcripts and although the levels seen in MCC land MCC6 were much lower 
then for the other lines (Fig. 4D), Western analysis revealed comparable levels of 
protein in all lines (Leonard et al. 2002). From these results, it seems unlikely that 
HASHl controls neuroendocrine phenotype in MCC since neither Classic or Vari- 
ant lines were positive. 
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Summary 

Alterations in cell-cell communication play an important role in carcinogene- 
sis. The specificity of communication is controlled by the type of connexins (Cx) 
forming gap junctions (GJ). 

In this work, we show an induction of Cx30 and Cx26 in normal interfollicular 
epidermis adjacent to Merkel cell carcinoma. This observation and previous inves- 
tigations of gap junctional communication in other malignant skin tumours give a 
hint that the change of the composition of gap junctions in the epidermis adjacent 
to malignant skin tumours may play a role in their metastasization. 



Introduction 

Gap junctions (GJ) play an important role in the communication of cells. They 
form channels between adjacent cells allowing the diffusion of molecules with a 
molecular weight of up to 1000 Da. These include ions, metabolites and second 
messenger molecules (Loewenstein 1981; Spray 1994). GJ consist of two 
hemichannels called connexons (one of each cell), each formed by six polypep- 
tides belonging to a family of transmembrane proteins called connexins (Cx; for 
review see Beyer et al. 1990; Richard 2000). Various experiments have demon- 
strated the existence of homotypic and heterotypic channels, formed by identical 
or different connexons. Moreover, connexons can consist of either identical or dif- 
ferent connexins (homomeric/heteromeric). However, not all connexins and con- 
nexons are compatible (Elfgang et al. 1995; Stauffer 1995; Jiang and Goodenough 
1996). The type of connexins forming GJ influences the selectivity of the channels 
and thereby controls the specificity of cell-cell communication (Brissette et al. 
1994; Elfgang et al. 1995; Veenstra 1996). 

Ten of the known 21 different connexins are expressed in human skin. GJ have 
been supposed to be involved in the regulation of keratinocyte growth, differentia- 
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tion and migration (Pitts et al. 1988; Salomon et al. 1993; Brissette et al. 1994; 
Goliger and Paul 1995). Moreover, Cx26 and Cx30 are induced during wound 
healing (Goliger and Paul 1995; Brandner, in prep.), psoriasis (Labarthe et al. 
1998); and treatment with all-/ra«5-retinoic-acid (Masgrau-Peya et al. 1997). Ge- 
netic studies have demonstrated the importance of epidermal gap junctions as mu- 
tations in their connexins are associated with autosomal dominant epidermal dis- 
eases. 

There is evidence suggesting that connexins play a role in tumour biology (for 
review, see Krutovskikh and Yamasaki 1997; Li et al. 2002). Because of the 
shown changes of the expression pattern of Cx26, e.g., in hyperproliferative epi- 
dermis, we were interested in the distribution of Cx26 in skin tumours and their 
adjacent epidermis. We also investigated Cx30 because of its close relationship to 
the important, but until recently, not much understood Cx26. Because of the ubiq- 
uitous expression of Cx43 in normal skin, we were also interested in changes of its 
expression in skin tumours. 

Recently, we have shown a change in the expression pattern of connexins in 
basal cell carcinoma, squamous cell carcinoma and malignant melanoma (Haass et 
al. 2001, 2002). There is not much known about the expression patterns of con- 
nexins in Merkel cell carcinoma and adjacent epidermis. 



Material and Methods 

Investigations were performed by immunofluorescence microscopy using pre- 
viously described specific antibodies. Antibodies specific for Cx30 and Cx43 were 
purchased from Zymed Laboratories, San Francisco, CA, USA; the polyclonal an- 
tibody specific for Cx26 was made in our laboratory; the monoclonal antibody 
specific for CK20 was purchased from Progen Biotechnik, Heidelberg, Germany. 
For nuclear staining, DAPI (Boehringer Mannheim, Mannheim, Germany) was 
used. 

Immunofluorescence microscopy was performed with an Axiophot II (Carl 
Zeiss, Jena/Oberkochen, Germany), photographed with a CCD Camera 
(Hamamatsu Photonics, Hamamatsu City, Japan) and documented using the soft- 
ware Openlab (Improvision, Lexington, MA, USA). 



Results 

As previously shown, both Cx30 and Cx26 are only weakly, if at all, expressed 
in normal interfollicular epidermis, while Cx43 is expressed ubiquitously in all 
cell layers. 

Now we show that neither Cx30 (cf. Fig. la), Cx26 (cf. Fig. lb) nor Cx43 (cf 
Fig. Ic) occur in Merkel cell carcinoma. As expected, Cx43 is expressed through- 
out the interfollicular epidermis - adjacent to and also distant from the Merkel cell 
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Fig. 1. a Immunofluorescence microscopy of a Merkel cell carcinoma and adjacent epi- 
dermis using antibodies against Cx30 {red) and CK20 {green), nuclear staining (DAPI, 
blue), overlaid with corresponding phase contrast. There is no expression of Cx30 in 
Merkel cell carcinoma cells, but note the expression of Cx30 in the epidermis adjacent to 
the Merkel cell carcinoma. Bar 6 pm. b Immunofluorescence microscopy of a Merkel cell 
carcinoma and adjacent epidermis using antibodies against Cx26 {red) and COO {green), 
nuclear staining (DAPI, blue), overlaid with corresponding phase contrast. There is no ex- 
pression of Cx26 in Merkel cell carcinoma cells, but note the expression of Cx26 in the 
epidermis adjacent to the Merkel cell carcinoma. Bar 6 pm. c Immunofluorescence micros- 
copy of a Merkel cell carcinoma using antibodies against Cx43 {red) and COO {green), 
nuclear staining (DAPI, blue), overlaid with corresponding phase contrast. There is no ex- 
pression of Cx43 in Merkel cell carcinoma cells. Bar 6 pm 

carcinoma (not shown). Moreover, as expected, there is no expression of Cx30 
and Cx26 in unaffected interfollicular epidermis distant from the Merkel cell car- 
cinoma (not shown). However, in striking contrast, both Cx30 (cf. Fig. la) and 
Cx26 (cf. Fig. lb) are expressed in the interfollicular epidermis adjacent to Merkel 
cell carcinoma. 



Discussion 

These results clearly show an induction of Cx30 and Cx26 in normal interfol- 
licular epidermis adjacent to Merkel cell carcinoma. Previously, we demonstrated 
similar results investigating gap junction proteins in malignant melanoma (Haass 
et al. 2002) and malignant epithelial skin tumours (Haass et al. 2001), but there 
was no such induction in the epidermis adjacent to semi-malignant (basal cell car- 
cinoma) and benign lesions (melanocytic nevi). Therefore, one might suggest that 
the change of the composition of gap junctions in the epidermis adjacent to malig- 
nant skin tumours may play a role in the metastasation of these tumours. 
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Summary 

Tight junctions (TJ) play a role in the barrier function of the epidermis. While 
Merkel cells are negative for Claudin 3, 4, 5, occludin and ZO-1, these TJ proteins 
are found in Merkel cell carcinoma. As TJ are able to connect neighbouring cells 
tightly and to control the paracellular pathway of substances, the formation of TJ 
might be a mechanism for a self-isolation of the tumour from its environment, es- 
pecially from anti-tumorigenic cells and molecules. The synthesis of claudin 5, a 
marker for endothelial cells, in certain areas of Merkel cell carcinoma - in addi- 
tion to blood vessels - gives a hint that a "vessel formation" might occur in this 
tumour. 



Introduction 

Despite the dogma that the barrier function of the epidermis is held upright only 
by the stratum corneum, i.e. comeocytes and lipids, it has recently been shown 
that cell-cell junctions, i.e. tight junctions and desmosomes, might very well be 
involved in this function too (i.e. Elias and Friend 1975; Elias et al. 1977, 2001; 
Morita et al. 1998; Pummi et al. 2001; Brandner et al. 2002; Furuse et al. 2002; 
Langbein et al. 2002). In simple epithelia and endothelia, tight junctions are re- 
sponsible for the formation and maintenance of the tissue barrier between distinct 
compartments, e.g. the blood-brain barrier (for review, see Stevenson and Keon 
1998). Tight junctions are composed of various transmembrane proteins [Claudin 
1-20, Occludin, junctional adhesion molecule (JAM)] and plaque proteins (Zonula 
occludens proteins 1-3 (ZO-1-3), Symplekin). 

As previously shown by us and others in normal interfollicular epidermis, Oc- 
cludin and ZO-1 are expressed in the stratum granulosum and the transition layer, 
while Claudin 1 occurs in all layers (cf. Brandner et al. 2001, 2002). 
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There is evidence suggesting that tight junctions play a role in tumour biology 
(for review, see Martin and Jiang 2001). Recently, we have shown changes in ex- 
pression patterns of tight junction proteins in malignant melanoma and adjacent 
epidermis compared to melanocytic nevi (Haass et al. 2002). There is not much 
known about the expression patterns of tight junction proteins in Merkel cell car- 
cinoma. 

Therefore, in this work, we focus on the occurrence of Claudin 1, 3, 4, and 5, 
Occludin and ZO-1 in Merkel cell carcinoma. 



Material and Methods 

Investigations were performed by immunofluorescence microscopy of frozen 
sections and of cultured cells using previously described specific antibodies. 

Antibodies specific for Claudin 1, 3 and 5, Occludin and ZO-1 were purchased 
from Zymed Laboratories, San Francisco, CA, USA; the polyclonal antibody spe- 
cific for Claudin 4 was made in our laboratory; the monoclonal antibody specific 
for CK20 was purchased from Progen Biotechnik, Heidelberg, Germany; the 
polyclonal antibody specific for CK20 was kindly provided from Prof. Dr. Roland 
Moll, Marburg, Germany. For nuclear staining, DAPI (Boehringer Mannheim, 
Mannheim, Germany) was used. 

Immunofluorescence microscopy was performed with an Axiophot II (Carl 
Zeiss, Jena/Oberkochen, Germany), photographed with a CCD camera 
(Hamamatsu Photonics, Hamamatsu City, Japan) and documented using the soft- 
ware Openlab (Improvision, Lexington, MA, USA). 



Results 



Claudin 1 (Fig. la) 
Claudin 3 
Claudin 4 
Claudin 5 (Fig. lb) 
Occludin (Fig. Ic) 
ZO-1 



Merkel cell carcinoma Remarks 



+ 

+ 

Partially + 

+ 



+ In adjacent epidermis 



+ In blood vessels 



Discussion 

Claudin 3, 4, and 5, Occludin and ZO-1 were found in Merkel cell carcinoma 
cells. The expression of these molecules might result in functional tight junctions 
and, therefore, play a role in the isolation of the tumour from its environment. 
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Fig. 1. a Immunofluorescence microscopy of a Merkel cell carcinoma and adjacent epi- 
dermis using antibodies against Claudin 1 {red) and CK20 {green), nuclear staining (DAPI, 
blue), overlaid with corresponding phase contrast. While there is the expected expression of 
Claudin 1 in the epidermis adjacent to the Merkel cell carcinoma, there is no expression of 
Claudin 1 in Merkel cell carcinoma cells. Bar 6 pm. a’ Immunofluorescence microscopy of 
cultured Merkel cell carcinoma cells using antibodies against Claudin 1 {red) and CK20 
{green), nuclear staining (DAPI, blue). Moreover, in cultured Merkel cell carcinoma cells 
there is no expression of Claudin 1 . Bar 6 pm. b Immunofluorescence microscopy of a 
Merkel cell carcinoma using antibodies against Claudin 5 {red). There is the expected ex- 
pression of Claudin 5 in blood vessels. Bar 6 pm. b’ Immunofluorescence microscopy of a 
Merkel cell carcinoma using antibodies against Claudin 5 {red). Claudin 5 is also found in 
Merkel cell carcinoma cells. Bar 6 pm. c Immunofluorescence microscopy of a Merkel cell 
carcinoma using antibodies against Occludin {red), nuclear staining (DAPI, blue), overlaid 
with corresponding phase contrast. Occludin is expressed in Merkel cell carcinoma cells (as 
are Claudins 3, 4, 5 and ZO-1, not shown). Bar 6 pm. c’ Immunofluorescence microscopy 
of cultured Merkel cell carcinoma cells using antibodies against Occludin {red) and CK20 
{green), nuclear staining (DAPI, blue). Moreover, in cultured Merkel cell carcinoma cells 
Occludin is expressed at the cell borders in regions of confluency. Bar 6 pm 

Claudin 1 is not found in Merkel cell carcinoma cells. This is a surprising re- 
sult, because Claudin 1 is the only tight junction protein that appears in the envi- 
ronment of Merkel cells: the basal layer of the epidermis. 

The endothelial marker Claudin 5 (Morita et al. 1999) is found in vessels, but 
also in Merkel cell carcinoma cells in certain parts of Merkel cell carcinoma. This 
result reminds one of the "vessel formation" by other malignant tumours such as 
malignant melanoma (i.e. Maniotis et al. 1999; Hendrix et al. 2002). Hence, this 
might be a hint that such a "vessel formation" occurs in Merkel cell carcinoma and 
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Claudin 5 is involved this process. 
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Summary 

Merkel cells are located mainly in the epidermis and considered to have a regu- 
latory role in the growth and differentiation of keratinocytes. On account of their 
biological behavior, Merkel cells are thought to belong to "paraneurons"(Fujita 
1989). Although many kinds of functions of these cells have been clarified, their 
origin is still unknown. Therefore, we analyzed the ganglioside compositions of 
Merkel cell carcinomas in order to discuss their origin and metastatic potency. 



Introduction 

Gangliosides (sialylated glycosphingolipids) are components of mammalian 
plasma membranes and show quantitative and qualitative differences in their ex- 
pression in different tissues. Many biological functions of gangliosides are known, 
such as growth regulation, cell differentiation, cell-substrate interaction, etc. Pre- 
viously, we reported that GD3, a disialoganglioside, might play a role in the pro- 
liferation and metastasis of human malignant melanoma (Nakano 1996). 

For a long time, Merkel cells have only been considered to be mechanorecep- 
tors in the skin. However, many studies have revealed that they play a regulatory 
function in the development of epidermis and appendages during the fetal period 
(Narisawa 1993; Kim 1995). These behaviors resemble those of neuroendocrine 
cells. On the other hand, electron microscope studies suggest that Merkel cells 
might be derived from the epidermis (Munger 1965). 

Merkel cell carcinoma is an uncommon malignant tumor which often occurs on 
the head and neck. This tumor sometimes metastases to lymph nodes or distant or- 
gans, but is considered to show better prognosis compared to malignant mela- 
noma. 
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Patients and Control Materials 

Two Japanese patients with Merkel cell carcinoma underwent excisional treat- 
ment in the Dermatology Clinic, Yamaguchi University Hospital. One was an 82- 
year-old female who had a dark red nodule on her right cheek. Another patient 
was a 58-year-old male who had a nodule on his chest. In both cases, the diagnosis 
was performed by routine pathological and immunohistochemical techniques. The 
specimens of Merkel cell carcinoma were stored at -80 °C until ganglioside analy- 
ses were performed. As controls, specimens obtained from nevus cell nevus, 
malignant melanoma, neurofibroma and dermatofibroma protuberans were also 
examined. 



Isolation and Analysis of Gangliosides 

Resected tumors were mashed and extracted with chloroform-methanol(2:l, 
1:1, 1:2, vol/vol, sequentially). Then the glycolipid fraction was isolated by 
Florisil chromatography of acetylated derivatives. Neutral glycolipids were sepa- 
rated from gangliosides by DEAE-Sephadex A-50 ion exchange chromatography 
(Pharmacia /LKB, Piscataway, NJ). The ganglioside fraction was isolated by 
chromatography on a Sep-Pak Cl 8 (Waters-Millipore, Milford, MA). Ganglioside 
composition was analyzed by thin-layer chromatography (TLC). TEC was per- 
formed in chloroform-methanol-0.2% CaCl (55:45:10) on high performance TLC 
plates (Silica Gel 60, Merck, Germany) and visualized with resorcinol-HCl. Plates 
were then scanned with a Shimadzu TLC scanner (SC930). As standard gan- 
gliosides, we used purified human brain gangliosides (GM2, GMl, GD2, GD3, 
GDI a, GDlb and GTlb) and purified canine erythrocytes (GM3). 



Results 

In Merkel cell carcinomas, we found several components of gangliosides; 
GM3, GD3, GDla,GDlb and GTlb. The major component was GM3 amounting 
to 74.6% in case 1 and 55.7% in case 2. GDlb and GTlb were only present in 
traces or undetectable levels (0 and 0.5% in case 1, 0 and 1.2% in case 2). In neu- 
rofibromas and dermatofibrosarcoma protuberans, many kinds of gangliosides 
were found in addition to GM3 and GD3 (Table 1). In contrast to Merkel cell car- 
cinomas, the major component of these two fibromatous tumors was GD3 or 
GTlb. Whereas the ganglioside profiles of nevus cell nevus were very similar to 
those of Merkel cell carcinomas, two cases of malignant melanomas (50% in ex- 
amined cases) showed GD3 prominence compared to Merkel cell carcinomas. 
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Table 1. Composition(%) of gangliosides extracted from skin tumors. 





MCCl 


MCC2 


NCNl 


NCN2 


MMl 


MM2 


MM3 


MM4 


NFl 


NF2 


DFSP 


GM3 


74.6 


55.7 


62.4 


61.6 


84.2 


41.2 


25.6 


75.1 


31.0 


17.3 


25.7 


GM2 






1.1 








4.6 






0.9 


8.8 


GMl 












2.4 


2.1 


8.3 








GD3 


16.3 


42.6 


36.5 


25.6 


15.8 


53.1 


43.0 


10.9 


42.3 


28.8 


35.9 


GDla 


9.1 












12.5 


2.3 


6.7 






GD2 














0.8 






12.9 


11.7 


GDlb 




0.5 




3.8 






3.3 


3.4 


5.5 


5.7 


4.8 


GTlb 




1.2 




5.6 






8.9 




14.6 


34.4 


14.8 


Others 








3.4 




3.3 













MCC: Merkel cell carcinoma; NCN: Nevus cell nevus; MM: Malignant melanoma; 
NF: Neurofibroma; DFSP: Dermatofibrosarcoma protuberans 



Discussion 

Merkel cell carcinoma is a malignant cutaneous tumor which often metastasizes 
to lymph nodes or distant organs. The origin of this tumor is still controversial. 
Until now, two hypotheses about the origin have been discussed; the neuroendo- 
crine cell-origin theory and epidermal cell-origin theory. 

Recent reports support the epidermal cell-origin theory on the basis of morpho- 
logical and immunohistochemical data. In this study, we found the ganglioside 
profiles of Merkel cell carcinomas similar to those of nevus cell nevus. However, 
the ganglioside compositions of Merkel cell carcinomas were not always similar 
to those of malignant melanomas. In neurofibromas and dermatofibrosarcoma pro- 
tuberans, we found very different profiles of gangliosides from those of Merkel 
cell carcinomas. These results may suggest a close relationship between Merkel 
cell carcinoma and nevus cell nevus. According to ganglioside profiles, we could 
not conclude that cells from Merkel cell carcinomas and cells from malignant 
melanomas had the same origin. However, cell function and malignant potency 
might affect the ganglioside compositions. 
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Summary 

The histological diagnosis of Merkel cell carcinoma can be difficult because it 
looks like other small blue cell tumors. In addition to the expected immunohisto- 
chemical results, some authors have reported reactivity for S-100 protein and CK 
7 in Merkel cell carcinomas. The aim of the present work was to provide addi- 
tional information about these unexpected immunoreactivities as well as to test the 
monoclonal antibody MOC-3 1 that was not previously described in Merkel cells 
or Merkel cell carcinomas. Nineteen cases of Merkel cell carcinoma were studied. 
MOC-31 plasma membrane immunoreactivity was found in 12 of 19 cases studied 
(63.1%). Immunoreactivity for CK 7 was observed in two cases (10.5%). S-100 
protein was positive in four cases (21%). Normal human skin showed immu- 
nostaining for MOC-31 in the plasma membrane of virtually all Merkel cells. 
These cells were also immunoreactive for CK 7. S-100 protein was negative in 
human Merkel cells, but intensely positive in pig snout Merkel cells. In conclu- 
sion, normal human Merkel cells showed MOC-3 1 and CK 7 immunostaining and 
positivity for MOC-31, CK 7, and S-100 protein do not exclude the diagnosis of 
Merkel cell carcinoma. 
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Introduction 

The histological diagnosis of Merkel cell carcinoma can be difficult because it 
looks like other small blue cell tumors. Immunohistochemical positivity for cy- 
tokeratin (CK) 20, neuroendocrine markers and neurofilaments confirm the diag- 
nosis. In addition to these markers, some authors have reported reactivity for S- 
100 protein (Voigt et al. 1985; Drijkoningen et al. 1986; Heenan et al. 1990; 
Skoog et al. 1990; Kontochristopoulos et al. 2000) and CK 7 (Jensen et al. 2000) 
in Merkel cell carcinomas. The aim of the present work was to provide additional 
information about these unexpected immunoreactivities as well as to test the 
monoclonal antibody MOC-31 in normal Merkel cells and Merkel cell carcino- 
mas. This antibody recognises the human pancarcinoma-associated epithelial gly- 
coprotein-2 (EGP-2), also known as Ep-CAM, a 38-kDa transmembrane glycopro- 
tein. MOC-3 1 has been assigned to the SCLC (small cell lung cancer)-cluster 2 of 
antibodies (Souhami et al. 1991) and it was demonstrated to be also useful in the 
differential diagnosis between adenocarcinoma and mesothelioma (Edwards and 
Oates 1995; Sosolik et al. 1997; Ordonez 1998), but to our knowledge it was not 
previously described in Merkel cells or Merkel cell carcinomas. 



Materials and Methods 

Nineteen cases of Merkel cell carcinoma were obtained from the files of the 
Clinical University Hospital of Santiago de Compostela, Spain (9 cases) and the 
Department of Oncology and Pathology, Karolinska Hospital, Stockholm, Sweden 
(10 cases). Thirteen patients were female and six male, and patient age ranged 
from 20 to 93 (mean, 70.6 years). The most common localization was extremities 
in=9) and head (w=8). Immunohistochemistry for CK 20 (Dako), chromogranin 
(Biogenex), MOC-31 (Dako), CK 7 (Dako) and S-100 protein (Dako) was auto- 
matically performed (TechMate 500) using the DAKO Envision staining proce- 
dure and diaminobenzidine as chromogen. 



Results 

By immunohistochemical techniques all tumors but three were positive for CK 
20 and all cases but one were positive for chromogranin. MOC-3 1 plasma mem- 
brane immunoreactivity was found in 12 of 19 cases studied (63.1%). Most of 
them showed a diffuse pattern, but local immunoreactivity was also found 
(Fig. lA, B). Immunoreactivity for CK 7 was observed in two cases (10.5%). One 
of them showed small and pleomorphic giant cells, both cell types being positive 
for CK 7 and CK 20 (Fig. 2A, B). S-100 protein was positive in four cases (21%) 
with nuclear and cytoplasmic immunostaining (Fig. 3 A, B). 
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Figure 1 : MOC-31 

r. f* ^ 






Figure 3: S-100 Protein 



Fig. 1 A-C. MOC-3 1 . A Merkel cell carcinomas showed diffuse (left) or focal (right) 
immunoreactivity for MOC-31 (xlO). B At higher magnification it was demonstrated that 
MOC-3 1 presented plasma membrane immunostaining (left), whereas CK 20 showed a dot- 
like pattern (right) (x60). C Normal Merkel cells of human fingertip also displayed MOC- 
3 1 immunoreactivity in the plasma membrane (x 100) 

Fig. 2A-C. CK 7. A, B Case of Merkel cell carcinoma positive for CK 7 (A) and CK 20 
(B). Immunoreactivity was found in both small cells and giant pleomorphic cells (x40). C 
Normal human Merkel cells (arrowheads) were positive for CK 7 (left), but the intensity of 
immunostaining was weaker than for CK 20 (right) (x60) 

Fig. 3 A-C. S-100 PROTEIN. A Serial sections of a Merkel cell carcinoma showing 
immunoreactivity for S-100 protein (left) and CK 20 (right) (xlO). B Higher magnification 
evidenced a nuclear and cytoplasmic positivity for S-100 protein (x40). C Intense immu- 
nostaining for S-100 protein was found in pig snout skin Merkel cells situated in both epi- 
dermis (left) and vibrissae (right) (x40) 



The same markers were studied in normal Merkel cells of human fingertip and 
pig snout skin. Normal human skin showed immunostaining for MOC-31 in the 
plasma membrane of virtually all Merkel cells (Fig. 1C). These cells were also 
immunoreactive for CK 1, although with lower intensity than for CK 20 (Fig. 2C). 
S-100 protein was negative in human Merkel cells, but intensely positive in pig 
snout Merkel cells, with nuclear and cytoplasmic positivity (Fig. 3C). 
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Discussion 

To our knowledge, MOC-31 immunoreactivity has not previously been de- 
scribed in normal Merkel cells or Merkel cell carcinomas. However, MOC-31 
positivity was found in most carcinomas and is frequently used in the immunohis- 
tochemical battery for small cell carcinomas; it has also been proposed for radio- 
immunodetection and immunotherapy of these tumors (Myklebust et al. 1993; 
Kosterink et al. 1995; McLaughlin et al. 1999). The finding of MOC-31 in Merkel 
cell carcinomas excludes the use of this marker in the differential diagnosis with 
cutaneous metastases of small cell lung carcinomas. The clinical significance of 
MOC-3 1 expression in Merkel cell carcinomas remains to be studied in larger se- 
ries. 

Marked expression of CK 20 without concomitant CK 7 was assumed to be 
typical for both colorectal adenocarcinoma and Merkel cell carcinoma, and CK 7, 
which identifies bronchial small-cell carcinoma, is normally used for the differen- 
tial diagnosis with Merkel cell carcinoma (Goessling et al. 2002). Our finding of 
CK 7 in occasional Merkel cell carcinomas confirms the results reported by Jensen 
et al. (2000). Normal Merkel cells also showed CK 7 immunoreactivity. This re- 
sult agrees with a previous paper by Lundquist et al. (1999). These authors re- 
ported that Merkel cells express CK 7 with lower frequency than CK 20. How- 
ever, we found that virtually all Merkel cells were positive for CK 7, although 
some of them showed very weak immunostaining. The lower frequency reported 
could be explained assuming that Merkel cells express CK 7 in smaller quantities 
than CK 20. The sensitivity of the immunohistochemical technique may not al- 
ways be sufficient to detect all Merkel cells by CK 7. 

In cutaneous pathology, S-100 protein is primarily used as a marker for the di- 
agnosis of malignant melanoma. However, we showed occasional immunoreactiv- 
ity for S-100 in Merkel cell carcinomas as was previously described by several au- 
thors (Voigt et al. 1985; Drijkoningen et al. 1986; Heenan et al. 1990; Skoog et al. 
1990; Kontochristopoulos et al. 2000). S-100 protein expression in normal Merkel 
cells shows important differences between species. We found S-100 protein im- 
munoreactivity in Merkel cells of pig snout skin, as previously described by 
Hartschuh and Weihe (1988). However, we did not find immunostaining for S-100 
protein in human Merkel cells and the same result was reported by Moll et al. 
(1996) in rodents. 

In conclusion, (1) normal human Merkel cells showed MOC-31, CK 7 immu- 
nostaining and S-100 protein was only found in pig snout Merkel cells, and (2) 
positivity for MOC-31, CK 7 and S-100 protein does not exclude the diagnosis of 
Merkel cell carcinoma. 
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Summary 

Merkel cell carcinomas are believed to be derived from the Merkel cells of the 
epidermis and hair follicles. The histogenesis of the Merkel cells has not yet been 
fully elucidated, but several studies suggest that they might originate from an 
asymmetric cell division of basal keratinocytes or epithelial stem cells of the fetal 
epidermis, and the resulting differentiated Merkel cells have presumably lost their 
growth potential. 

The capability of indefinite cell division in germ line cells and in the great ma- 
jority of malignant tumors as well as an increased growth potential in certain so- 
matic cells (such as basal cells of renewable tissues) is correlated with cellular te- 
lomerase activity, which is absent in differentiated somatic cells. In this study, the 
telomerase activity in cryostat sections of frozen Merkel cell tumor biopsies and in 
in vitro cultivated Merkel cell carcinoma cells was analyzed. The presence of the 
typical Merkel cell carcinoma phenotype was confirmed in all tumor specimens 
and cell lines by immunohistochemical staining for the cytokeratin CK 20, which 
was present in the typical plaque-like distribution. Microdissection was employed 
on the cryostat sections to concentrate tumor material and to remove potentially 
telomerase-positive contaminating elements such as epidermis and hair follicles. 
Telomerase activity was measured by the polymerase chain reaction-based telom- 
eric repeat amplification protocol (TRAP) assay. 

We detected telomerase activity in all four tumors studied and three of four cell 
lines. Control experiments showed a lack of telomerase activity in normal liver 
and kidney tissue and telomerase positivity in a breast carcinoma biopsy and acti- 
vated lymph node, as expected. Immunohistochemistry demonstrated the presence 
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Fig. 1. Telomerase activity of Merkel cell carcinoma tissues. Depicted are the TRAP as- 
say products following gel electrophoresis for a positive control cell line (P), four Merkel 
cell carcinoma tumor specimens {1-4) and normal liver tissue as a negative control {N). The 
presence of the characteristic "ladder" of DNA fragments indicative of a positive TRAP as- 
say is seen in the positive control lane and in all four tumor samples 

of the catalytic subunit of telomerase in nearly all nuclei of Merkel cell carci- 
nomas. 

These results show that despite their pronounced neuroendocrine differentiation 
and their occurrence in patients of advanced age, Merkel cell carcinomas possess 
telomerase activity similar to that of common carcinoma types. In future studies, 
the (difficult) procurement and subsequent analysis of early stages of Merkel cell 
carcinomas might help to interpret the present findings and to reveal more about 
the biology of this peculiar type of malignant tumor. 



Methods and Results 

Immunohistochemical Characterization of Merkel Cell Carcinomas by 
Staining for Cytokeratins and Leukocyte Common Antigen 

Cryostat sections of frozen biopsies from the four Merkel cell tumors studied 
were cut and microscopically evaluated after hematoxylin and eosin staining to 
verify the presence of tumor tissue. Immunohistochemical staining confirmed the 
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Fig. 2. Immunohistochemical staining for the catalytic subunit of telomerase. Merkel 
cell carcinoma sections were stained with a monoclonal antibody directed against the cata- 
lytic subunit of the telomerase enzyme (NCL-hTERT, clone 44F12, Novocastra Laborato- 
ries, Newcastle/Medac, Wedel, Germany). Virtually 100% of the tumor cells showed a 
characteristic strong nuclear staining, while adjoining connective tissue elements were 
negative. Magnification xl70 

diagnosis of the tumor tissue as Merkel cell carcinomas, demonstrating strong and 
typically plaque-like reactions for CK 20. In the tumor stroma, variable propor- 
tions of small (nonactivated) lymphocytes were present as verified by immu- 
nostaining for leukocyte common antigen (LCA, CD45). The relative proportion 
of lymphocytes within the tumor tissues was estimated in each case since infiltrat- 
ing lymphocytes could influence the TRAP assays. These proportions ranged from 
sparse (~1 per 100 tumor cells) to moderately abundant (~1 per 4 tumor cells) 
lymphocytes. The Merkel cell carcinoma cell cultures also showed typical plaque- 
like CK 20 staining. 

Analysis of Telomerase Activity of Merkel Cell Carcinoma Biopsies and in 
Vitro Established Merkel Cell Carcinoma Cultures by the Telomeric Repeat 
Amplification Protocol (TRAP) Assay 

Cryostat sections of four frozen Merkel cell carcinoma biopsies and cells of in 
vitro established Merkel cell carcinoma cultures were lysed, and 1 pg of cyto- 
plasmic protein extract was tested in a telomeric repeat amplification protocol 
(TRAP) assay for telomerase activity. Thirty percent of the TRAP-assay products 
were separated on an 8% nondenaturing polyacrylamide gel, which was then 
stained with silver (Fig. 1). 
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Immunohistochemical Staining for the catalytic Subunit of the Telomerase 
Enzyme 

Immunohistochemical staining of Merkel cell tumors with a monoclonal anti- 
body directed against the catalytic subunit of telomerase showed a homogeneous 
nuclear staining pattern in nearly all of the tumor cells (Fig. 2) while nuclei of ad- 
jacent stromal cells were negative. 



Conclusions 

Despite their pronounced neuroendocrine differentiation and their occurrence in 
patients of advanced age, Merkel cell carcinomas possess telomerase activity simi- 
lar to that of common carcinoma types. Since three of the four tumors analyzed in 
this study were microdissected prior to analysis, we conclude that microdissection 
is an effective method for removal of surrounding and possibly contaminating tis- 
sue in the preparation of samples for assays of telomerase activity. The microdis- 
section procedure itself, which theoretically could lead to release of chromosomal 
DNA and false-positive TRAP assay results, does not interfere with the TRAP as- 
say for telomerase activity. 
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Merkel cell carcinoma (MCC) is a rare and highly malignant neuroendocrine 
skin tumour characterized by a high frequency of metastases (Helmbold et al. 
2001). The 5-year survival rate is stage-dependent and ranges from 30 to 74% 
(Morrison et al. 1990; Meeuwissen et al. 1995; Skelton et al. 1997; Allen et al. 
1999). While the combination of surgery and subsequent adjuvant radiotherapy 
appears to provide optimal local control in stages I (primary) and II (local metas- 
tasis), the therapy of stage III (distant metastasis) remains to be defined. The 
prognosis in stage III MCC is poor. Chemotherapy appears to be the most success- 
ful approach in stage III MCC. Nevertheless, a standard chemotherapy for MCC 
remains to be identified. A variety of different chemotherapy protocols have been 
used in the treatment of advanced MCC. However, even the few larger studies in 
this field have the character of extended case reports. Currently, there is no ongo- 
ing trial on chemotherapy or other systemic drugs in MCC. Experience is avail- 
able for cytostatic drugs like cyclophosphamide, doxorubicin, epirubicin, vincris- 
tine, etoposide, cisplatin, carboplatin, 5-fluorouracil, dacarbazine, mitoxantrone, 
bleomycin, and ifosfamide (Voog et al. 1999; Tai et al. 2000). 

To identify the optimal chemotherapy in metastatic MCC, the following aspects 
were taken into account for planning a Pan-European study: 

MCC patients are mostly older persons, who tend to tolerate aggressive 
chemotherapy poorly. 

The most successful agents used in MCC chemotherapy were cisplatin 
derivates and etoposide. 

Etoposide can be given as oral monotherapy. Based on the literature (Fenig 
et al. 2000) and own experience (P. Helmbold), this therapy might be 
equivalent to more aggressive therapies and can be continued for a longer 
time (disease control). 

Cisplatin can be substituted by the better tolerable carboplatin. 
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Recently, Greco et al. (2001) has reported on taxane-based combination 
chemotherapy (paclitaxel/carboplatin/etoposid) for patients with carcinoma 
of unknown primary site. They found long-term complete remissions only 
in those cases with small cell neuroendocrine-like tumours. 

Because of the known chemosensitivity, a control arm without treatment 
should not be included in a study on chemotherapy in MCC. 

These points enforced us to suggest a comparison of the following two proto- 
cols in a Pan-European Multicentre randomised phase II study: 



Therapy and Objective 

Paclitaxel - Carboplatin - Etoposide (TCE) (Greco et al. 2001) 

Paclitaxel 200mg/m^ intravenously (i.v.) d 1, Carboplatin AUC=6 i.v. d 1, 
and oral VP 16 50 mg and 100 mg alternating, d 1-10, q d 22 versus 
Oral Etoposide monotherapy : VP16 2^50 mg, d 1-14, q d 22) 

Primary objective : Progression free survival (PFS) 

Secondary objectives : Response rate, overall survival, toxicity, quality of life 



Timetable 

Recruitment of patients: 3 years 
Primary objective (PSF) +1 year 
Maximal individual follow-up +5 years 



For further information please contact: 

PD Dr. Peter Helmbold 

Department of Dermatology 

Martin-Luther-University Halle- W ittenberg 

Emst-Kromayer-Str. 5-6 

06097 Halle (Saale), Germany 

Tel.: +49-(0)345-5573911, Fax: +49-(0)345-5573941 

e-mail: peter.helmbold@medizin.uni-halle.de 
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